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CHAPTER 1

INTRODUCTION

1.1

History of Astronomical X-ray Detection
Long after Rontgen reported his discovery of the existence of X-rays in 1895

and Laue’s demonstration of the di↵raction of X-rays from a crystal in 1912, a German
built, American launched V-2 sounding rocket laden with X-ray photon counters was
sent above the atmosphere for a brief period of time in 1948. The result of this
rocket experiment conducted by Burnight was the detection of X-rays emanating
from the Sun, and consequently the birth of modern-day solar X-ray astronomy [1].
X-rays originating from the Sun (and astronomical sources) had never before been
considered, as they could not be detected from Earth because X-ray photons are
highly attenuated in the atmosphere. X-ray observations of the Sun and cosmological
sources can help explain and reveal various high-energy mechanisms present in the
most massive and energetic objects in the universe, leading to a greater understanding
of the evolution of the universe itself. However, unlike optical telescopes located on
the surface of the Earth, X-ray telescopes must be placed above the atmosphere for
efficient detection of these sources.

1

In 1960, Giacconi and Rossi first suggested that X-ray telescopes should be
outfitted with focusing optics which would increase the collecting area as well as
angular resolution, hopefully improving the signal-to-noise ratio, high values of which
had plagued high energy detectors that did not have a focusing optical system working
in tandem. In 1961, the first X-ray concentrator of around 1cm2 geometric area
was produced with an optically smooth interior surface, resulting in a resolution
better than 1 arcminute [1]. The following year, in 1962, Giacconi and his colleagues
launched an Aerobee sounding rocket with three large area Geiger counters onboard
with the intended mission of studying X-rays from the lunar surface [2]. The results
of this study included the discovery of the first cosmic X-ray source, Scorpius X-1,
and the di↵use cosmic X-ray background (CXB) which prompted future e↵orts to
discover new, extra-solar X-ray sources.
The Uhuru all sky survey, launched in 1970 with a two year mission, broadened the scope of known X-ray sources to include X-ray binaries containing neutron
stars and black holes as well as high-temperature plasmas in clusters of galaxies [3].
However, the background radiation overpowered all but the most luminous X-ray
sources, prompting the re-invention of the X-ray imaging telescope. The Einstein
observatory, launched in 1978, introduced the use of highly figured X-ray mirrors to
focus incident X-ray radiation on the detector, greatly increasing the signal-to-noise
ratio of the instrument and allowing the detection of many other sources in the X-ray
band [4]. This focusing technology is the basis for many of the most well-known X-ray
telescopes today, including the Chandra X-ray Observatory and XMM-Newton [5] [6].
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Chandra, as one of NASAs Great Observatories, represents the pinnacle of
modern X-ray astronomy, both for its discoveries and its instrumentation. Launched
in 1999, Chandra focuses incident X-ray radiation from 0.08 keV to 10 keV, a typical
range for the X-ray spectrum. The employment of precisely figured, iridium coated
Wolter type I focusing optics enables Chandra to produce focused images of bright,
well-known X-ray sources in addition to extremely faint sources that had previously
been undetectable. Chandra is also able to precisely localize X-ray sources with subarcsecond resolution [5]. Still in operation, Chandra continues to reveal new properties
of objects and processes such as protoplanetary nebulae, exoplanets, supernova shock
waves, neutron stars, accretion around black holes, evolution of supermassive black
holes and their host galaxies, galaxy mergers, and dark matter/energy [5]. Although
Chandra has proven to be an invaluable instrument for soft X-ray astronomy with its
unprecedented sensitivity in its prime energy range, its e↵ectiveness beyond 10 keV
is limited.
Some of the universe’s most energetic objects and events are of great interest
because their X-ray spectra provide unmatched insight into the mechanisms that drive
the evolution of the universe. Hard X-ray cosmic emissions above 10 keV are beyond
the scope of Chandra’s focusing mirrors; they are simply too energetic. However,
other missions without focusing X-ray optics have produced beneficial observations
of hard X-ray cosmic sources through the use of precisely designed, high energy detectors. The European Space Agency’s (ESA’s) International Gamma-Ray Astrophysics
Laboratory (INTEGRAL) uses one array of CdTe pixels on top of another array of CsI
pixels to provide a detectable energy range of 15 keV to 10 MeV with a 12 arcminute
3

resolution [7]. NASA’s Swift and Gamma-Ray Burst Monitor (GBM) missions utilize
a wide-field gamma-ray detector operational in the 15 to 150 keV energy range and an
array of sodium iodide and bismuth germinate scintillators operational in the 8 keV
to 40 MeV energy range respectively [8] [9]. However, because these missions do not
focus the incoming X-rays, the instrument’s resolution is not as high as Chandra’s.
Ideally, an X-ray instrument would be able to image a wide range of energies while
maintaining a large e↵ective area and a high resolution (on the order of arcseconds).
In 2012, NASA launched the Nuclear Spectroscopic Telescope Array (NuSTAR), the
first focusing high-energy X-ray telescope. It is operational from 3 to 79 keV with a
57 arcsecond resolution and boasts a hundredfold increase in sensitivity compared to
the detector based instruments mentioned above [10]. This substantial leap in sensitivity allows NuSTAR and future high-energy focusing missions to disentangle various
mechanisms present in the most energetic objects in the universe, such as black hole
accretion flows, jets, and coronas. To focus the large range of X-ray energies, NuSTAR
implemented a new mirror technology, multilayer coatings. Two recipes of multilayer
coatings, W/Si and Pt/C, were deposited onto the reflecting surfaces of each of the
nested mirrors comprising the two optics modules of the telescope to boost the energy
response, allowing NuSTAR to probe deeper into obscured sources and uncover some
of the universe’s most energetic phenomena.
With the overwhelming success of NuSTAR, it is no surprise that other groups
within the X-ray astronomy community have put forth other high-energy X-ray astronomy mission concepts. One such proposal describes PheniX, a broadband X-ray
telescope with a detectable energy range of 1 to 200 keV achievable through the im4

plementation of multilayer coatings on the X-ray mirrors [11]. Similar to PheniX is
another mission concept, the High-Energy X-ray Probe (HEX-P ), which is described
as the natural successor to NuSTAR with high spatial resolution (4 times greater than
NuSTAR) with a broad energy coverage from 2 to 200keV [12]. Although these proposals have yet to be selected for funding, the desire of the community to keep pushing
the high-resolution imaging capabilities into the hard X-ray band is undeniable.

1.2

Research Goal
The nature of X-ray radiation makes it incredibly difficult to not only image

but to focus, particularly beyond the typical X-ray energy band of 0.1 to 10 keV.
Advancing the state of X-ray optic technology to achieve high resolution imagery
of energetic astronomical sources is at the forefront of modern experimental X-ray
astrophysics. In particular, when scientific goals call for observations of hard X-ray
cosmic emission with fine spatial resolution, X-ray mirrors can be coated with many
thin films which reflect even harder X-rays with larger grazing angles than those
achieved with traditional single coatings. The multi-thin film coatings or multilayer
coatings are composed of alternating layers of two materials, one highly reflective and
dense, the other less dense and more transparent. Examples include W/Si, Pt/C, and
Ni/C. These complex coatings allow for larger grazing angles of incident radiation
than those for single thin films such as gold or iridium and can extend the energy
band of focusing X-ray optics into the hard region, upwards to several hundred keV.
Careful planning and study of these multilayer coatings is required in order to
produce an e↵ective hard X-ray optic. To achieve the desired reflectivity response at
5

such high X-ray energies requires very low interfacial roughness between the very thin
layers that comprise the coatings. This, along with achieving good layer uniformity
across the sample (or optic) while achieving minimal stress imparted by the coating
onto the optic are the main challenges faced when attempting to produce such technology. This dissertation explores the main aspects of thin film coating development
for hard X-ray optics while describing the e↵orts taken to produce a broadband hard
X-ray multilayer coating with particular emphasis on stress reduction techniques.
Minimizing the stress associated with broadband X-ray optic coatings is of particular
interest for future astronomical X-ray missions, as the optics themselves are being
developed to be as lightweight as possible while maintaining precise figures. Coating
stress induces substrate, or optic, deformation that, if not addressed, can significantly
degrade the optic’s performance.
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CHAPTER 2

BACKGROUND

2.1

Grazing Incidence X-ray Optics
Due to the high energy nature of X-ray photons, focusing can only be attained

by reflection from highly reflective, smooth surfaces at very shallow graze angles
with respect to the surface. This is plausible because the real part of the complex
refractive index of the reflecting medium (typically a metal) is less than unity in the
X-ray energy band [13].

2.1.1

X-ray Reflection of Thin Films
When an electromagnetic wave is incident upon a smooth sample material

surface, a specularly reflected wave and a transmitted wave are produced, in addition
to di↵use scattered radiation. In the X-ray region of the electromagnetic spectrum,
the complex refractive index of any sample material is nearly unity, resulting in the
reflection of incident X-ray radiation only at very shallow grazing angles, as measured
from the sample surface. The maximum graze angle below which X-ray radiation
experiences total external reflection is known as the critical angle ✓c . Above this angle,
X-ray reflection drops rapidly. The critical angle of a certain optical configuration
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depends on the incident energy such that, as the incident energy increases, the critical
angle decreases.
The complex index of refraction of a given material in the X-ray energy band
can be written as [14]

n=1

+i

(2.1)

=

r0 2 ⇢
f1 ,
2⇡w

(2.2)

=

r0 2 ⇢
f2 ,
2⇡w

(2.3)

where

and

and r0 is the classical electron radius,

is the wavelength of the incident radiation, ⇢

is the density of the reflecting medium, w is the weight of one atom of the reflecting
medium (defined as atomic weight/Avagadro’s number) and f1 and f2 are the atomic
scattering factors [14]. By combining both f1 and f2 such that f = f1 + if2 , one can
define the e↵ective number of free electrons per atom. Typical values of
on the order of 10

4

and 10
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and

are

respectively at X-ray energies, clearly illustrating that

the classical real part of the refractive index of metals at X-ray energies is less than
unity leading to total external reflection [14].
Total external reflection of incident radiation only occurs below a certain graze
angle, the critical angle ✓c . Consider a beam of incident X-rays on a highly reflective
metal medium of complex refractive index n2 at an incident angle
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1

with respect to

Figure 2.1: Diagram of Law of Refraction or Snell’s Law.

the normal. From this scenario, the following equation arises:

n1 sin

1

= n2 sin

2,

(2.4)

which is the well-known Snell’s law. Figure 2.1 provides a diagram of this arrangement. Substituting 1 for n1 and 1

sin

As the refracted angle,

2,

for n2 gives

1

= (1

) sin

2.

(2.5)

approaches 90 , the incident X-rays undergo total external

reflection such that
sin (90

✓c ) = 1
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.

(2.6)

This expression then simplifies to

cos ✓c = 1

.

(2.7)

Applying a Taylor series expansion to the cosine term results in the following expression
✓c2
+ ··· = 1
2

1

.

(2.8)

The higher order terms from the expansion can be neglected because they are nearly
zero, as ✓c is very small. Taking this into account and simplifying, the critical angle
can be expressed as
✓c =

p

2 .

(2.9)

Substituting eq. (2.2) into eq. (2.9),

✓c =

r

2

r0 2 ⇢
f1
2⇡w

(2.10)

results in the final form of the critical angle criteria for total external reflection. To
put this into more practical terms, the atomic scattering factor f1 is proportional to
the atomic number of the reflecting medium, Z. It can then be seen that the critical
angle is proportional to the wavelength and Z in the following way

✓c /

p

10

Z.

(2.11)

(2.11) shows that the higher the energy of the incident radiation (smaller

), the

smaller the critical angle becomes, but also that, the higher the atomic number,
the larger the critical angle. These physical proportionalities result in X-ray mirrors
typically being coated in high density, reflective metals (for example, iridium or gold)
to increase the reflectivity response.

2.1.2

X-ray Mirror Geometry
Grazing incidence X-ray optics for use in focusing astronomical X-ray photons

were first introduced to the scientific community by Riccardo Giacconi and B. Rossi
in 1960. Their concept involved producing a focusing X-ray system using a truncated
paraboloid, the benefits of which include the ability to focus a paraxial beam without
any spherical aberration. However, simply using one geometry in the design of the
X-ray optic resulted in heavy coma aberration, leaving the optic with too small a field
of view on axis. In 1951, Hans Wolter demonstrated that the Abbe sine condition
defined below could be approximately satisfied for X-ray photons by using a double
reflection geometry employing two conical mirrors positioned in succession. The Abbe
sine condition is defined as follows [15]:

h
sin

=
i

i
sin

= constant

(2.12)

0

where h and i are the distance of the object and image point from the optical axis
and

i

and

0

are the angles between the optical axis and the ray after and before

the reflection respectively [15]. The so-called Wolter I [16] geometry implements a
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Figure 2.2: Wolter I mirror geometry.

paraboloidal mirror and confocal and coaxial hyperboloidal mirror as seen in Figure 2.2 [17]. This particular geometry has a significant advantage in that it reduces
the focal length of the optical system, allowing for ease of transport for on-orbit X-ray
telescopes. Two other optical configurations also satisfy the Abbe sine condition, the
Wolter II and Wolter III, but neither are used for space-borne X-ray telescopes as
they require longer focal lengths for the same size aperture. These geometries are
shown in Figure 2.3 [17].
Another X-ray telescope geometry, the Wolter-Schwarzchild configuration consists of two coaxial mirror surfaces that exactly fulfill the Abbe sine condition and
completely eliminate the coma aberration for paraxial rays. Chase and Van Speybroeck proposed using this configuration for X-ray telescopes, as the achievable res-
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Figure 2.3: Wolter II and III mirror geometries.
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olution is better than that of corresponding paraboloid-hyperboloid telescopes and
would be applicable for high resolution and wide field telescope designs with graze
angles larger than 1.5 [18].

2.2

Multilayer Coatings
For a physically realistic X-ray reflectance system, multilayer coatings on X-

ray optics have been implemented to increase the reflection of high energy radiation at
larger graze angles. This reduces the focal length of the imaging system, consequently
reducing the overall size of the instrument. Multilayers were first introduced to the
field of X-ray astronomy via the well-known Bragg reflection equation:

m = 2dm sin ✓m

where m is an integer indicating the di↵raction order,

(2.13)

is the wavelength of the in-

cident radiation, dm is the spacing between scattering planes, and ✓m is the incident
graze angle at order m. The Bragg condition was derived from the study of coherent
di↵raction of X-rays by a natural crystal. Incident radiation is scattered elastically
through each parallel atomic plane in the crystal lattice such that individual scattering fields add constructively. Maximum constructive scattering occurs at specific
wavelengths and incident angles for any given crystal geometry as dictated by (2.13).
Constructive interference due to the addition of weak scattering periodic planes became the basis for the development of multilayer ”stacks” for use in increasing the
reflectance of X-ray optics at higher energies.
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Multilayer coatings were developed to mimic the crystalline structure using
deposited alternating layers of high and low density materials, one acting as the
reflector plane and one as the spacer through which photons can easily transmit [19].
The number of layers within the multilayer coating depends upon specific criteria
related to the energy range of interest. The optical bilayer thickness in a multilayer
is the combined thickness of both the reflector and spacer layers. By rearranging the
Bragg equation above, the optical bilayer thickness can be found analytically:

dm =

m
.
2 sin ✓m

(2.14)

. The physical thickness is given as [20]

d = dm q

1
1

(2.15)

2 avg
sin2 ✓m

with
avg

where

1

and

2

=

1

+

2 (1

),

(2.16)

are the optical constants (as defined in (2.2)) of each material (one

high density and one low density) within a bilayer. The quantity in (2.16) is the
average of the real part of the refractive index of the two materials comprising one
bilayer or material pair in the multilayer and is weighted by the factor gamma:

=

t1
.
t1 + t2
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(2.17)

Figure 2.4: Diagram of X-ray reflection from a periodic Si/W multilayer. Silicon is
the low density (low absorbing) material optically contrasting with the high density
(high absorbing) tungsten.

(2.17) is the ratio of the thickness of the dense material (t1 ) to the combined thickness
of the dense and light materials, or the bilayer thickness (t1 + t2 ).

, along with the

number of periods and surface/interface roughnesses, are the typical quantities used
to describe a multilayer structure. A diagram of a multilayer coating is shown in
Figure 2.4.
Multilayer coatings come in several di↵erent varieties: periodic, depth-graded
or aperiodic. Periodic multilayers contain bilayers of the same thickness throughout
the stack, making them highly tunable to one particular wavelength or energy. Depthgraded multilayers on the other hand contain bilayers whose thicknesses or periods
vary as a function of bilayer number or depth within the stack, based on a particular
numerical prescription such as a power law or exponential. Each bilayer within the
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structure is tuned to a unique wavelength resulting in the reflection of a broad range
of energies. Aperiodic multilayers are constructed using numerical simulations that
take a desired reflectivity response as a function of energy as its initial parameter.
As a result, the bilayer thicknesses throughout the stack can vary (seemingly) randomly, in no easily mathematically discernible way. This type of multilayer coating
although highly specialized for a particular application, can often be quite complicated and difficult to deposit. Given the various properties of each of these three
types of multilayer coatings, the materials selected for them are typically unique to
the application.
A popular material choice for periodic multilayers is tungsten, W. Tungstenbased periodic multilayers have been rigorously investigated for use in focusing hard
X-ray radiation and have proven performance at high X-ray energies up to its Kedge of 69 keV. The K-edge is the binding energy of the K-shell electron of a given
atom. Just beyond this specific energy, interacting photons experience high absorption. Several well-tested and popular tungsten-based periodic multilayers include
W/Si, W/B4 C and W/SiC among others [21]. Periodic structures have also been
shown to reflect X-ray energies above 0.6 MeV [22]. A group at Lawrence Livermore
National Laboratory (LLNL) produced a periodic WC/SiC multilayer with 300 bilayers and a period of 15Å [22]. This very small period is necessary to reflect high
energy radiation. However, the fabrication of such small layer thicknesses is quite
challenging and the most difficult obstacle to overcome during the development of a
high-performance broadband multilayer.
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Graded, or depth-graded, multilayers for X-ray astronomy have already proven
their e↵ectiveness up to 79 keV with their successful implementation on the NuSTAR
mission [10]. These coatings take advantage of a gradually decreasing bilayer thickness
distribution through the stack, such that the lower energy X-rays are reflected from
the uppermost layers while the more energetic X-rays are reflected from the lowest
(and thinnest) layers. NuSTAR has two types of multilayer coatings deposited onto
its mirrors: W/Si and Pt/C, allowing the instrument to efficiently focus X-rays up to
the K-edges of W and Pt (68 and 79 keV respectively). Beyond these energies, the
reflectance of the coatings drops drastically, rendering them ine↵ective. Other lighter
elements such as cobalt and nickel have K-edges at much lower energies than W and
Pt, resulting in the recovery of the reflectivity response of these materials at higher
X-ray energies. These materials have been identified as potential candidates for the
dense layers in a broadband, depth-graded multilayer coating for hard X-ray optics.
Figure 2.5 [21] shows a comparison of the reflectivity curves of four multilayer coatings,
two with heavier elements and two with lighter elements [23]. However, producing
thin layers of these materials while maintaining smooth interfaces has proven difficult
[23].
Aperiodic multilayer coatings are similar to graded multilayers in that the
bilayer thickness changes as a function of coating layer. However, unlike graded
multilayers, the thicknesses do not steadily decrease. The layer thickness profile of an
aperiodic structure is determined numerically using an optimization algorithm [21].
As a result, aperiodic multilayers can be designed to produce almost any desired
energy response. This is potentially beneficial for a broadband coating, with a nearly
18

Figure 2.5: Theoretical reflectivity curves as a function of energy of four depthgraded multilayers.

flat energy response over a large range of energies being possible. Figure 2.6 [21]
shows a theoretical reflectivity curve of an aperiodic multilayer structure compared
to a graded multilayer. Popular material choices for aperiodic structures include ones
similar to those used for graded structures such as CoCr/C and NiV/C.

2.2.1

Multilayer Reflection
Total specular reflectivity of an unpolarized incident plane wave from a multi-

layer coating can be directly calculated using a recursive formalism first introduced by
Parratt in 1954 [24]. By first solving total reflectance for the bottom layer and then
applying that solution to the subsequent layers, total reflectance from the ensemble
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Figure 2.6: Theoretical reflectivity curves as a function of energy for depth-graded
(DGML) and aperiodic (AML) CoCr/C multilayers.

of thin layers is derived. For a total of N layers within a multilayer, the solution is

⌫
Sj+1
=

⌫
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j
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Sj⌫ e2i

N
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j
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where ⌫ is either s or p (for perpendicular or parallel polarization), j = 0...N, and
⌫
S0⌫ = 0. The Fresnel coefficients rN
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(2.20)

where n( ) is the complex index of refraction for the material of a given layer at a
particular wavelength and ✓0 is the graze angle. The

term in (2.18) is the phase

di↵erence between two reflected rays as a result of di↵erences in optical path length.
Numerically, this is
N j

=

2⇡dN

j

s

1

cos ✓0 2
n2N j+1 ( )

(2.21)

where d is the physical thickness of each layer within the stack. The total reflectance
for a specific polarization, s or p, is found by multiplying the recursive sum (2.18) by
its complex conjugate:
R⌫ = S ⌫ S ⌫ ⇤

(2.22)

. Then combining these results for both s and p polarization, the total unpolarized, specular reflectance from a multilayer can be found by evaluating the following
equation:
R = 0.5Rs + 0.5Rp

(2.23)

.

2.3

Determining Thin Film Structure: X-ray Reflectometry
Intrinsic material properties of thin film coatings such as density, roughness

and layer thickness can be determined through X-ray reflectivity (XRR) measurements. This e↵ort employs a system called an X-ray reflectometer which consists, in
its basic form, of an X-ray source, goniometer, X-ray detector, and a series of beamdefining slits. A thin film coating is then irradiated with X-rays of a given energy
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at a specific graze angle. The resulting reflected X-ray spectrum is collected at the
detector after which the reflectance is calculated as the reflected spectrum divided
by the incident spectrum at a given angle. This procedure is repeated over a range
of graze angles resulting in a graze angle-dependent reflectivity curve at a constant
energy.
An in-house X-ray reflectometer system was developed and built at Marshall
Space Flight Center (MSFC) specifically for characterization of thin film coatings for
X-ray optics [25]. The source is a Rigaku rotating anode source (RAS) with a copper
target installed in front of the anode which produces a bremsstrahlung continuum
in addition to characteristic radiation lines. The Cu K↵ emission line, 8.048 keV, is
used for the tests conducted in this work. The original design of the reflectometer
system described in [25] has been modified slightly for this work. The new system
design is shown in Figure 2.7.
Slit 1 and Slit 2 limit the size of the beam to 240 micrometers in the vertical
and horizontal direction respectively with the use of thin tungsten foil slits. Slit 3 is
a Huber cross slit screen with 3 mm tungsten blades that can be manually adjusted
to limit the beam size in both the horizontal and vertical directions with a precision
of 20 micrometers. For this work, slit 3 is set to 40 micrometers in the horizontal
direction, by 1 mm in the vertical direction. Slit 4 is set at 500 micrometers just
in front of the detector to limit the amount of scattered radiation that reaches the
detector’s face. The distance from the x-ray generator to the center of the sample
holder is 1.42 m, and the distance from the center of the sample holder to the Be
window on the face of the detector is 0.39 m.
22

Figure 2.7: Schematic of the updated XRR configuration.

Interference of the propagating X-ray radiation within the coating structure
results in a characteristic reflectivity curve, specific to a particular coating. The main
features of this curve include the critical angle and interference, or Kiessig, fringes
[26]. Characteristic parameters of thin film coatings such as film thickness, density,
and surface/interface roughness upon which the performance of a particular coating
depends are derived from the reflectivity curve. All theoretical reflectivity curves
presented in this chapter and some fitting of experiential data presented in later
chapters was done using the IMD software [27].
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Figure 2.8: Comparison of theoretical 8.048 keV reflectivity curves of two W thin
films of di↵erent thicknesses on a silicon substrate.

2.3.1

Coating Thickness
In the case of a single thin film, incident X-ray radiation is reflected o↵ the

thin film surface as well as the substrate surface. These two reflected beams undergo
constructive and destructive interference producing Kiessig fringes in the reflectivity
curve beyond the critical angle. The period of these oscillations is a function of the film
thickness, d, with smaller oscillation periods corresponding to larger film thicknesses.
Figure 2.8 displays the X-ray reflectivity curves of two tungsten thin films of di↵ering
thicknesses: 50 Å (dashed curve) and 250 Å (solid curve). From Figure 2.8, it is
clear that thin films of lesser thickness do not produce as many Kiessig fringes in the
24

reflectivity curve as films of larger thickness. Such features in the reflectivity curves
of single thin films enable the deduction of distinct thickness parameters, resulting in
the precise characterization of thin films.
For periodic multilayer coatings, intense interference fringes, or reflectivity
peaks, rise above the intermediate Kiessig fringes as a result of the constructive interferences of the reflected radiation from each of the bilayers within the coating.
The thickness of the bilayer dictates the number of reflectivity peaks present in the
reflectivity curve as well as the graze angles at which they occur. The thicker the
bilayer, the more numerous the reflectivity peaks and the lower the graze angles at
which they occur. An example of this is shown in Figure 2.9 in which the reflectivity
curves of two periodic multilayers with parameters N = 10,
roughness, , = 4 Å, substrate roughness,

s,

= 0.3, surface/interface

= 3.5 Å, and two di↵erent d-spacings,

d = 80 Å and d = 40 Å are compared. The thicker (d = 80 Å) periodic multilayer coating’s reflectivity curve in Figure 2.9 has five distinct reflectivity peaks with
smaller Kiessig fringes between. The first order reflectivity peak occurs at a graze
angle of approximately 0.63 . In contrast, the thinner (d = 40 Å) periodic multilayer
coating’s reflectivity curve displays the first order reflectivity peak at a graze angle of
approximately 1.15 , which is also the location of the second order reflectivity peak of
the thicker multilayer coating. This is due to the fact that the thicker coating has a
d-spacing exactly two times larger than the thinner coating. Therefore, the location
of the reflectivity peaks for periodic multilayer coatings are the main means by which
the d-spacing parameter, d, is derived.
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Figure 2.9: Comparison of theoretical 8.048 keV reflectivity curves of two W/Si
multilayer coatings with N = 10 and two di↵erent values of d: 40 Å and 80 Å.

The total thickness of the periodic multilayer coating, which is directly proportional to the number of bilayers, N , also a↵ects the amplitude of the reflectivity peaks
such that the reflectance of a given peak, Rpeak , increases as N increases, keeping all
other coating parameters constant. A comparison of two W/Si multilayer coatings
with parameters d = 40 Å,

= 0.3,

= 4 Å,

sub

= 3.5 Åand two di↵erent N values

is shown in Figure 2.10. The first order peak reflectance, Rpeak , for both curves in
Figure 2.10 are approximately 0.30 and 0.60 for N = 10 and N = 20 respectively.
Because the total number of bilayers is doubled from 10 to 20, the peak reflectance is
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Figure 2.10: Comparison of theoretical 8.048 keV reflectivity curves of two W/Si
multilayer coatings with d = 40 Å and two di↵erent values of N: 10 and 20.

also doubled. This is because the total number of interfaces o↵ of which the X-rays
reflect is doubled.

2.3.2

Coating Density
The critical angle is defined as the angle below which total external reflection

from the coating surface occurs. Looking back to (2.11) for reference, the critical angle
is directly proportional to the density (or atomic number) of the coating material.
For both single and multilayer coatings, as the coating density deviates from bulk, the
critical angle decreases. In addition to an e↵ect on critical angle, ⇢ also impacts the
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Figure 2.11: Comparison of theoretical 8.048 keV reflectivity curves of two W thin
films with d = 250 Å and two di↵erent values of ⇢: 15.3 g/cm3 and 19.3 g/cm3 .

amplitude of the interference fringes and reflectivity peaks in the reflectivity curve.
The amplitude of the oscillations in a reflectivity curve is a function of the di↵erence
in density between the film and the substrate. When the coating density decreases,
the optical contrast between the coating and the substrate (or two materials and the
substrate in the case of a multilayer) also decreases, resulting in lower reflectance and
thus lower amplitudes of the reflectivity peaks in the curve. As shown in Figure 2.11,
the reflectivity curves of a tungsten film of ⇢ = 15.3 g/cm3 (dashed curve) and a
more dense tungsten film of ⇢ = 19.3 g/cm3 (solid curve), both of the same thickness,
d = 250 Å, are compared. The bulk density of tungsten is 19.3g/cm3 ; however, as d
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approaches the order of tens of Angstroms, such a bulk density is difficult to achieve.

2.3.3

Surface and Interface Roughness
All thin film materials are subject to various measures of surface roughness

with zero Angstrom roughness only achievable in theoretical calculations. However,
steps to reduce surface and interface roughness, both represented as , of thin films
and the substrate roughness,

sub ,

can be taken. Roughness values in the range of 2

- 5 Å are routinely achievable. Surface roughness reduction proves to be incredibly
important for X-ray reflection, as a small increase in this parameter can translate to
a drastic loss in reflected X-ray radiation. Because coating and substrate roughness
is on the order of incident X-ray wavelengths, this parameter must be taken into
account when modeling coating reflectivity. This is done by modifying the Fresnel
coefficients, r0 , in the following way

r = r0 exp

✓

8⇡ 2
2

2

sin (✓0 )

2

◆

(2.24)

where r0 is the original Fresnel coefficient for a given polarization, see (2.19) and
(2.20),

is the surface/interface roughness,

is the incident wavelength and ✓0 is

the incident graze angle. The second half of this equation, that after r0 , is what is
known as the Debeye-Waller factor, originally derived with respect to the reduction of
reflectivity in crystals due to roughness [20]. Because of the coefficient’s exponential
proportionality to , small increases in roughness have a highly significant impact on
specular reflectivity. The Debeye-Waller formalism is used in the theoretical mod-
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Figure 2.12: Comparison of theoretical 8.048 keV reflectivity curves of two silicon
substrates with di↵erent surface roughness values, : 3 Å and 10 Å.

eling of all reflectivity curves in this work, although the IMD software o↵ers other
prescriptions for modeling surface/interface roughness of thin films [27] if desired.
To understand how the substrate surface roughness a↵ects coating performance, a comparison of the reflectivity curves of an uncoated silicon surface with
two di↵erent roughnesses is made in Figure 2.12. A silicon wafer substrate has a
typical roughness of around 3 to 3.5 Å (solid curve in Figure 2.12). As the roughness
increases to 10 Å (dashed curve in Figure 2.12), large reflectivity loss occurs at graze
angles larger than the critical angle. To show how the underlying substrate roughness
a↵ects a thin film coating’s performance, the reflectance of a thin W film of d = 250
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Figure 2.13: Comparison of theoretical 8.048 keV reflectivity curves of two W thin
films of d = 250 Å on silicon substrates with di↵erent surface roughness values, : 3
Å and 10 Å.

Å and

= 4 Å, is modeled both on a silicon substrate of

and

= 10 Å (dashed curve) in Figure 2.13. Similarly, when the surface rough-

sub

sub

= 3.5 Å (smooth curve)

ness of the coating is high, all benefits from a smooth substrate surface are negated.
A comparison of the reflectivity curves of a relatively smooth W film with d = 250
Å and

= 4 Å (smooth curve) and a rough W film with d = 250 Å and

Å (dashed curve), both with a substrate roughness of
ure 2.14. Whether due to high substrate roughness,

s

sub

= 10

= 3.5 Å, is shown in Figor high coating roughness,

, the consequent reduction in reflectivity peaks omits a significant amount of useful
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Figure 2.14: Comparison of theoretical 8.048 keV reflectivity curves of two W thin
films of d = 250 Å on silicon substrates with di↵erent surface roughnesses, : 10 Å
and 4 Å .

information about the thin film or multilayer coating. Therefore, it is imperative to
obtain smooth substrates and coatings for the successful development of multilayer
coatings for X-ray optics.

2.3.4

Bilayer Thickness Ratio:
The bilayer thickness ratio, a parameter exclusive to multilayer coatings,

,

also a↵ects the shape of the reflectivity curve. In a multilayer coating, the majority
of incident radiation is reflected o↵ of the more dense material comprising the bilayer.
Thus, the amount of reflected and refracted radiation is heavily dependent upon the
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Figure 2.15: Comparison of theoretical 8.048 keV reflectivity curves of two W/Si
periodic multilayers with di↵erent : 0.3 and 0.7.

thickness of this layer (and less so on the thickness of the spacer layer). Changing
the relative amount of more dense material to that of the less dense material, , in
a multilayer results in a change in the amplitude of the reflectivity peaks and the
location of the critical angle of the resulting reflectivity curve. A comparison of the
reflectivity curves of two W/Si periodic multilayer coatings with the same parameters
except

is shown in Figure 2.15. The most notable di↵erence between the two curves

in Figure 2.15 is the large shift of the critical angle from approximately 0.45 for the
high

coating (dashed curve) to approximately 0.3 for the low

coating (solid

curve). Additionally, when comparing the amplitude and position of the reflectivity
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peaks between the two curves, their positions are o↵set and several of the peaks of the
high

coating are suppressed. Distinct e↵ects from changes in this parameter help

to further characterize a given multilayer coating. Also, even when the experimental
curve does not fit well with the model, information about possible abnormalities or
defaults in the coating can be inferred. The XRR measurement of thin film coatings,
both single and multilayer, is an invaluable tool in coating parameter diagnostics.

2.3.5

Experimental Data Fitting
While theoretical reflectivity curves present a useful guide to know what to

expect from an XRR measurement of a given coating, the fitting of experimental
data with the models is where the real power of this method comes into e↵ect. The
experimental XRR curves presented in this work are produced using the XRR system described above and with that, they also include experimental error. The IMD
software [27] o↵ers several fitting algorithms, but all data fits done in this work using
IMD were done with the Binda genetic algorithm which operates through the minimization of a merit function which itself is weighted by instrumentation error. For
this work, this error is the counting error associated with each measurement. An
example of a fit (using this method) to an experimental reflectivity curve of a single
iridium thin film on a silicon substrate is shown in Figure 2.16. The fit parameters
for this experimental curve were derived to be d = 110.66 Å, ⇢ = 16.082 g/cm3 ,
= 9.75 Å, and figure of merit (FOM) = 7.49E-6, which is a relatively low value, indicative of a good fit. Even upon a first glance inspection of the fit in Figure 2.16, it
appears to be reasonably good. To determine how sensitive the fit is to small changes
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Figure 2.16: Experimental 8.048 keV reflectivity curve of an iridium thin film of
approximate thickness d = 110 Å with the theoretical fit curve.

in coating parameters, the d parameter was fixed at a value of 112.66 Å, 2 Å more
that the best fit value, and the algorithm was run again just varying ⇢ and . The
resulting fit is shown in Figure 2.17 The fit parameters for this fit were found to be ⇢
= 16.267 g/cm3 ,

= 10.34 Å, and FOM = 7.51E-6. When comparing the two FOM

values, the second fit where the d-spacing was intentionally shifted from its optimum
value was found to be slightly worse by about 0.27%. Even though the change is the
FOM between these two values is not large, the FOM for the second fit still indicates
a slightly worse fit and is confirmed by a visual inspection of the fits. Another fit
parameter,

is altered by a small amount to again see how the fit changes.
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is set

Figure 2.17: Experimental 8.048 keV reflectivity curve of an iridium thin film of
approximate thickness d = 112 Å compared with the theoretical fit curve.

at 7.75 Å, 2 Å less than the original value. The other two parameters, d and ⇢, are
allowed to vary. The resulting fit is shown in Figure 2.18. The resulting fit parameters are found to be d = 109.74 Å and ⇢ = 15.774 g/cm3 with a FOM = 7.53E-6.
The FOM of this fit is the worst of the three and shows that even a small change in
roughness can result in a noticeably worse fit. It should be noted that each coating
design is sensitive to changes in parameters to varying degrees depending on coating
complexity and parameter magnitudes.
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Figure 2.18: Experimental 8.048 keV reflectivity curve of an iridium thin film of
approximate thickness d = 112 Å compared with the theoretical fit curve.

2.3.6

E↵ect of Reflectivity on Telescope Performance
Although single thin films have been used extensively on X-ray telescope sys-

tems operating in the standard band and even into the hard X-ray band [28], multilayer coatings ultimately provide higher telescope performance above certain limits.
For example, suppose a double bounce X-ray telescope has a focal length f and optical radius of r. Given a single thin film coating with a critical angle of ✓c , the e↵ective
area, Aef f , of the system is proportional to ✓2 ⇤ R2 , where R is the total reflectance
from the optic at a given energy. If the single thin film coating is replaced with a
multilayer coating with a critical angle 3 times that of the single film, then the Aef f
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becomes proportional to (3✓)2 ⇤ R2 . Therefore, the Aef f increases beyond that of
the single layer optic at and above a reflectance value of 13 , or approximately 30%.
The resulting field of view for the multilayer coated system is 3 times larger than
that with a single thin film. Although single thin films can achieve high reflectivity
at small graze angles, ultimately multilayer coatings facilitate larger collecting areas
especially at higher energies.
Because the critical angle is inversely proportional to the incident energy,
multilayers become more advantageous when broadband reflection is desired. As
the energy increases into the hundreds of keV, the efficiency of multilayer coatings
drastically outweighs that of single thin films. A comparison of the energy dependent
theoretical reflectivity curves of a single Ni thin film and a Ni/C multilayer coating is
shown in Figure 2.19. A significant drop in the Ni/C multilayer coating around 30 keV
due to the K-absorption edges of the two materials limits the multilayer’s capabilities
at lower energies. However, another parameter can be added to the multilayer design,
top ,

such that the thickness of the dense material in the top bilayer is much larger

than the other layers to ensure total external reflection at angles below the critical
angle. This technique was used by NuSTAR [10] and increases the efficiency of these
multilayer coatings at lower graze angles.
The goal for any reflective X-ray coating is to achieve the maximum reflectance
for a given graze angle and energy as possible. However, factors such as interface
roughness and di↵usion within the coatings themselves often reduce the optimal reflectivity performance. Because of this, a limit is placed on how much the total
reflectivity of a given optical system can be reduced to maintain satisfactory tele38

Figure 2.19: Theoretical energy dependent reflectivity curves (graze angle = 0.1 )
of Ni single thin film (dashed line) and Ni/C multilayer (solid curve) designed for
operation in the hard X-ray band.

scope performance. An overall reduction of 6% of the total e↵ective area, Aef f , of
a given optical system is generally acknowledged as an acceptable limit. The Aef f
of a given optical system is equal to the total geometric area, Ageo , times the total
reflectivity, R, over all angles and energies, squared. Therefore, the acceptable limit
for the reduction in reflectivity is 3%. A plot of this relation between Aef f and R is
shown in Figure 2.20.
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Figure 2.20: Normalized e↵ective area as a function of total reflectance, R. The
e↵ective area of a given double bounce reflectance system (Wolter I) decreases as a
function R2 .

2.4

Scientific Motivation and Material Selection
The NuSTAR mission was the first focusing X-ray telescope launched into

orbit to image beyond the standard X-ray band of 1-10keV. Launched in 2012, NuSTAR has vastly improved knowledge of the hard X-ray band up to approximately 80
keV while also proving the value of broad-band X-ray spectroscopy. Notably, it has
directly resolved 35% of the X-ray background at its peak of 20keV [29]. However,
issues concerning sensitivity and source confusion are expected to limit any capabili-
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ties significantly beyond that. A next generation NuSTAR-like mission operating at
energies beyond the limit of 80keV is a natural next step.
Broadband multilayer coatings have been proposed by several astrophysics
mission studies within the last decade as the main means of imaging into the hard
X-ray band (up to 200 keV) including the High Energy X-ray Probe (HEX-P ), a
probe-class high energy focusing telescope [12]. The scientific benefits of the successful
implementation of this technology include an increased understanding of both galactic
and extragalactic black holes which follows well with the main NASA Physics of
the Cosmos (PCOS) science objectives. A large bandpass coupled with excellent
spatial resolution at hard X-ray energies is a unique combination that improves upon
the discovery space of current X-ray missions such as Chandra, XMM -Newton, and
NuSTAR. Figure 2.21 demonstrates how the current design concepts for the HEXP telescope could vastly improve upon current mission technologies while extending
focused X-ray imaging to never before explored energies [12].

2.4.1

Black Hole Growth Phases and Accretion
The universe’s mass accretion history (formation and consequent distribution

of matter in the universe over time)is best understood with a complete census of active
galactic nuclei (AGN). X-ray emission is very common from luminous AGN that are
associated with the most rapid supermassive black hole (SMBH) growth phases, the
study of which is needed in order to quantify the accretion efficiency in the universe.
X-rays are a desirable band to study these objects in because they are not lost in
the bulk of host-galaxy emission (weak above about 1 keV) and they are relatively
41

Figure 2.21: HEX-P e↵ective area compared to that of several proposed and current
X-ray missions.

penetrating [29]. Chandra and XMM-Newton have resolved about 75% of the 6-10 keV
X-ray background but cannot detect the majority of the most heavily obscured AGN,
those with column densities (or the amount of obscuring matter between the source
and observer) of NH > 3 ⇥ 1023 cm

2

[12]. Several observations (mid-IR and stacked

X-ray images) have suggested that the spatial density of heavily obscured AGN is
relatively large (citations in [12]) while models predict that this category of AGN could
represent a growth phase that is di↵erent from less obscured sources. However, a large
number of observations of these sources is currently lacking. NuSTAR observations
have directly resolved about 35% of the cosmic X-ray background at the 20 keV
peak [29], but improvements in this percentage are unlikely, due to sensitivity and
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source confusion limits. HEX-P ’s current goal of a 4x increase in resolution and an
order of magnitude increase in e↵ective area will improve the sample size of heavily
obscured AGN significantly, extending out to high redshift with the potential to
resolve approximately 90% of the X-ray background at its peak [12].
X-ray observations in the hard X-ray band (> 10 keV) in association with the
standard band (0.5 to 10 keV) allow more precise physical constraints to be placed
on the properties of black holes as well as their coronae and accretion disks. Black
hole spin can be determined using X-ray emission above 10 keV [29] and although
NuSTAR can possibly provide these measurements for a few samples, HEX-P will
outperform its predecessor significantly over a range of source luminosities, to cosmological distances [12]. Because of HEX-P ’s extended energy band over that of
NuSTAR, it will also be able to provide measurements of the high-energy spectral
cut-o↵s, giving scientists insight into the poorly understood corona.
Other specific examples of the outstanding science HEX-P could achieve include sensitive measurements of the 158 keV
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N i line in supernovae in addition

to Compton scattered continuum from other -ray lines which provides insight into
fundamental questions regarding supernovae.

2.4.2

Material Selection and Designs for Broadband Reflecting Multilayers
The production of a broadband multilayer coating capable of focusing X-ray

radiation over a large range of energies presents many challenges. The performance
of the multilayer coating is a function of several variables, the first and most obvious
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of which is the optical properties of the materials used. Ideally, these materials
have largely contrasting indices of refraction which help to maximize the reflection
at each interface within the coating. These materials should also optimally have
low absorption such that the incident X-rays can transmit deeply into the coating
structure and consequently reflect from as many interfaces as possible. Because these
materials are deposited one on top of the other, forming many bilayers, they should
ideally be able to form interfaces as smooth and as sharp as possible to reduce nonspecular scattering within the coating [21]. In addition, the intrinsic coating stress
can potentially deform the optical surface onto which it is deposited, and in the realm
of X-ray optics for astronomical telescopes, the mirror figure can be distorted leading
to a degradation of the telescope’s performance. Therefore, stress characterization of
broadband multilayer coatings must be quantified.
To date, the most widely studied material combinations include W/Si, Pt/C,
and W/SiC. The first two having been developed and rigorously tested for the NuSTAR mission. However, as mentioned previously, the K edges of the absorbing materials (W and Pt) lie in the middle of the desired 1 to 200 keV energy range. Other
material options include lighter elements whose absorption edges lie much lower in
the desired energy range such as Co, Ni, and CoCr. For example, with lower K-edges,
the X-ray reflectance of coatings made with these elements recovers to desired values
at much lower energies compared to those with W-based coatings. Although, recent
investigations into the formation of the lighter-based multilayers show that it is difficult to produce these coatings with sufficiently small bilayer thicknesses and smooth
interfaces [21].
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There are two types of proven multilayer coatings for the hard X-ray band:
a power law graded profile and a block method profile. Both recipes are of the
depth-graded family and have been successfully implemented on a number of hard
X-ray missions. The power-law graded profile was used for the High-Energy Focusing
Telescope (HEFT) [30] and NuSTAR, both of which used similar recipes with the
exception of NuSTAR adding a cap layer to ensure total external reflection for grazing
angles at and below the critical angle. The block method was used by InFOCµS [31]
and Hitomi [32]. For this design, rather than continuous thickness variation of the
successive bilayers in the stack, ”blocks” of layers with constant d-spacing (periodic
blocks) are stacked upon one another. In the power-law depth-graded design, each
layer contributes to a particular Bragg peak throughout the spectrum, whereas with
the block structure, several layers contribute to one discrete Bragg peak. These
two designs are noted to be of similar performance when used in the same telescope
design [33]. A third type of multilayer coating is an aperiodic structure where the
layer structure is determined numerically based on the desired reflectivity response.
This type of coating has not yet been implemented in an astronomical X-ray telescope
system.
These three types of multilayer coatings, in order to be e↵ective as a broadband
X-ray reflector, contain hundreds of bilayers which result in relatively large coating
thicknesses. This, in turn, can create stress that may result in a distortion of the
mirror figure, causing a degradation of the performance of the X-ray telescope that
the optics are integrated into. Additionally, several well-known and proven multilayer
coating materials, such as W and Pt, have absorption edges, K-edges, near the middle
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of the 1 - 200 keV energy band. These absorption edges result in a drastic loss
of reflectivity, diminishing the energy response of the coating beyond the K-edge
energies. Initial investigation into the materials for use in a broadband multilayer
coating is a major component of this work.
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CHAPTER 3

THE DEPOSITION SYSTEM

3.1

Sputter Coating
The deposition of material onto a substrate from plasma discharge is the direct

result of the acceleration of ionized atoms produced from a ”working” gas (typically
argon, and at pressures on the order of 10

3

Torr) toward a negatively charged cath-

ode. The energetic ions bombard the given target’s surface, resulting in the transfer
of impact energy to the atoms of the target. These target atoms are ejected outward
from the surface of the target while secondary electrons are also ejected by the ions
and are repelled by the negatively charged cathode. These secondary electrons further
contribute to the ionization rate of the working gas, sustaining a sputtering plasma.

3.2

System Geometry and Components
There are di↵erent types of physical vapor deposition (PVD) techniques, but

the work presented here utilizes a direct current (DC) magnetron sputtering system with two directly cooled 2 inch cathodes from Angstrom Sciences (ONYX R
magnetrons) [34]. However, the rotational cathode shaft is designed such that an
additional two cathodes can be mounted and utilized for multilayer coatings. The
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Figure 3.1: Left: Photo of two of three cathodes with manifolds. Right: Photo of
two of three cathodes, one with manifold (right) and one without (left). The dark
space between the target surface and shroud is just visible on the left cathode.

cathodes themselves are covered by a “shroud” supplied by Angstrom Sciences. This
shroud creates a gap between the top of the metal covering and the surface of the
target, which is attached to the top of the cathode. This gap is known as dark
space which creates a small column of positive space charge. In addition to these
standard cathode shrouds, cathode “manifolds” were machined specifically for this
custom sputtering system. They are hollow cylinders of approximately 4 inches in
height which sit over the cathode shrouds to help facilitate ion bombardment of the
target surface while also resulting in increased collimation of the sputtering distribution from the targets, facilitating better coating uniformity. See Figure 3.1 for
photographs of these two cathode components.
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The cathodes are oriented at 90 degrees to one another and are remotely
positioned around the inside of the vacuum chamber through a rotary shaft mounted
on the base plate of the chamber which itself is driven by a DC stepper motor. The
rotational geometry of the cathodes within the chamber allows the substrate holder
to remain in place on its mount fixed to the top plate of the chamber. The holder,
while stationary with respect to the cathodes, does rotate about its own axis through
the center of its mount to improve coating uniformity across the sample. Because
the substrate holder does not rotate around the chamber and is fixed to a rotary
shaft that passes through the top of the chamber, the holder could be outfitted with
a custom, in-situ stress sensor, as well as heating elements to both measure (in real
time) stresses imparted to the substrate by each coating layer during deposition [35]
and to evenly heat the substrate during deposition. A schematic side and top view
of the deposition system is shown in Figure 3.2 and a CAD drawing and photograph
of the whole system is shown in Figure 3.3.
The chamber housing the deposition system was custom made to high vacuum
specification and is 30 inches in diameter by 25 inches high. Motion control software
was written to automatically perform the coating deposition runs in accordance with
the desired coating specifications. This includes user defined depositions rates based
on desired layer thickness and number of layers. This system is used extensively in
innovative X-ray multilayer coating design and fabrication. A photo of the graphical
user interface of the motion control software is shown in Figure 3.4. Separate computer software was also developed to monitor the voltage, current and power outputs
from both of the cathode power supplies in use. A safety interlock is also in place
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Figure 3.2: Schematic of multilayer coating deposition chamber.

such that if the water cooling line flow rate drops below a critical point, the power
supplies will fault, preventing damage to the cathodes.

3.2.1

DC Magnetron Sputtering
The basic sputtering process includes the bombardment of a target plate or

cathode by energetic ions generated by a glow discharge plasma located in front of
the target. A voltage is applied between a positive and negative electrode (anode
and cathode) creating accelerated free electrons. A sputtering gas, typically argon,
is introduced to the system and is subsequently ionized by the energetic free electrons. When the ions strike the surface of the target plate containing the sputtering
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Figure 3.3: Left: CAD drawing of the multilayer coating chamber including internal
mechanical parts such as the cathodes and substrate holder. Right: Photograph of
the coating chamber with the power supplies on the left and cathode cooling cart to
the right.

Figure 3.4: Screenshot of the control software GUI.

51

material, the target atoms are ejected, or sputtered, o↵ and condense on a substrate
to form a thin film. Other electrons are generated during ion bombardment of the
target, contributing to the ionization process and maintaining the plasma. However,
this conventional sputtering process is limited to low deposition rates, low ionization
efficiency, and large substrate heating e↵ects [36]. One method to eliminate these
problem is magnetron sputtering.
A magnetron utilizes a unique configuration of magnets to produce a magnetic
field parallel to the surface of the target [36]. Typically, one magnetic pole is positioned below the center of the target, with the other magnetic pole positioned in a
ring around the first on the outside edge of the target. Figure 3.5 provides a schematic
of a magnetron configuration. In this way, the more energetic electrons are trapped
close to the surface of the target, increasing the probability of electron-gas atom collisions and resulting in a higher rate of ionization. The denser plasma increases the
rate of ion bombardment of the target and therefore increases the deposition rate of
the target material onto the substrate. Additionally, the increased rate of ionization
created through the use of the magnetron sputtering technique permits the process
to be maintained at lower pressures and lower voltages than those for the traditional
sputtering technique.

3.2.2

Pumps and Gauges
A suitable vacuum pressure for sputter deposition is achieved through the

use of several evacuation pumps. The first is a type of mechanical pump called a
scroll pump. In particular, the ScrollVac SC 15D is used to bring the multilayer
52

Figure 3.5: Diagram of magnetron and resulting plasma.

coating chamber down to a pressure of about 10

2

Torr. A turbomolecular pump is

then engaged to pull the remaining gas out of the chamber until the desired pressure
of around 10

7

Torr is reached. The turbomolecular pump used on the multilayer

chamber is a Turbovac MAG W 300 from Oerlikon Leybold Vacuum which can reach
gas pressures of around 8 x 10

9

Torr (very high vacuum). The unit of Torr, named

after the Italian physicist Evangelista Torricelli, is defined as the amount of pressure
required to raise a column of mercury one milimeter. One Torr is approximately
equal to 133.3 Pascals (the SI derived unit of pressure). A scroll pump is a type
of oil-free mechanical pump that uses two Archimedean spirals o↵set to one another
by 180 degrees, creating crescent-shaped pockets of various sizes. One spiral is kept
stationary while the other is driven in an eccentric path in front of the first, reducing
the size of the pockets, compressing the gas, moving it from one end of the pump
to another. When the gas pressure reaches a certain level (around 10

1

to 10

2

Torr), the scroll pump can no longer pump out any more gas from the system. The
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gas density is too low at that level for the mechanical pump to be e↵ective. A
turbomolecular pump is then turned on to finish pumping down the system to the free
molecular pressure range. The turbomolecular pump, or turbo pump, is a molecular
turbine that compresses a gas through momentum transfer from high rotation blades
to surrounding gas molecules. The high relative velocity between subsequent layers
of rotating and stationary blades in the pump makes it probable that a gas molecule
will be transported from one end of the pump (the inlet) to the other (the outlet).
These types of pumps operate at rotational speeds from around 24,000 to 60,000 rpm,
and can achieve pressures down to approximately 10

8

to 10

9

Torr [37]. The typical

base pressure achieved with the multilayer coating chamber is around 4 to 5 x 10

7

Torr.
The vacuum chamber pressure is measured using several types of pressure
gauges, one for low/medium vacuum readings (10 to 10
vacuum (around 10

3

to 10

8

3

Torr) and another for high

Torr). The first gauge used in the multilayer coating

chamber is an absolute pressure transducer (MKS Baratron Type 627D) which is a
variable capacitance sensor or capacitance manometer and covers the pressure range
of 1 KTorr to 0.02 Torr. This sensor consists of a port connected to a small chamber
in the transducer housing. One wall of this chamber is an elastic metal diaphragm
which is exposed to the gas whose pressure is to be measured. The other side of
the diaphragm, the reference side, is positioned in front of a rigid ceramic disc that
contains two electrodes, one at the center of the diaphragm, and another is an annular
ring located around the center electrode. This side is in a permanent vacuum of 10
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7

Figure 3.6: MKS Baratron absolute pressure transducer. The diaphragm is indicated by the pink curved line, and the electrodes are shown as the yellow blocks to
the right of the diaphragm.

Torr maintained with a chemical getter pump. See Figure 3.6 [38] for a schematic of
the absolute pressure transducer.
When the absolute pressure (force per unit area) within the vacuum chamber
changes, the diaphragm is deflected causing an imbalance in the sensor electrode
capacitances. The pressure reading represents an absolute pressure measurement
because the capacitance of the system is proportional to geometry and to the dielectric
constant of the gas being measured relative to that of air. Most gases have a dielectric
constant very close to that of air; therefore, the change in capacitance (in relation
to the geometry of the sensor) is used to calculate the absolute pressure of the gas
[37]. The capacitances for each electrode are found to be imbalanced because the
distance to the diaphragm is now di↵erent for each electrode. This imbalance in
capacitances is converted to a DC voltage in the bridge which is itself excited by a
constant frequency oscillator. The resulting signal is linearized, zeroed, and amplified
by the signal conditioner electronics to produce a precise 0 to 10 VDC signal scaled
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to the pressure range of the transducer. The absolute pressure transducer used on
the multilayer coating chamber measures pressures from 1 kTorr to 0.02 Torr (low
vacuum range).
The deflection of the diaphragm in the absolute pressure transducer can be as
small as 10

9

cm [37], highlighting the necessity for a thermally stable environment

of the system components at and around the diaphragm. Most modern transducers
have built-in heaters that maintain a constant temperature within the sensor to avoid
diaphragm deflections resulting from ambient temperature changes. The MKS Baratron absolute pressure transducer used on the multilayer coating chamber maintains
the sensor temperature with the range of 47 C ± 2 C [38].
The second pressure gauge used on the multilayer coating chamber is the MKS
972B DualMag Cold Cathode/MicroPirani Vacuum Transducer, operational from 1
x 10

8

Torr up to Atmosphere. As the name of the gauge suggests, it utilizes both a

cold cathode ionization sensor and a MEMS Pirani gauge to indirectly measure gas
pressure within the chamber.
A Pirani gauge consists of a heated metal wire or filament that will lose heat
to the surrounding gas (the chamber gas) as its molecules collide with the wire. When
the gas pressure is lowered, the collisions occur less frequently, causing the filament
to lose heat more slowly. The measure of how fast the filament loses heat is an
indirect measurement of the gas pressure within the vacuum system. The heated
filament forms one arm of a Wheatstone bridge circuit such as the one shown in
Figure 3.7. A constant current is passed through the filament in the gauge causing it
to become heated and assume a resistance that is measured by the bridge. The gauge
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is then exposed to the gas to be measured. Depending on the pressure of the gas, the
temperature of the filament changes also, causing its resistance to change. This change
is measured using the Wheatstone bridge and converted into an indirect pressure
reading of the surrounding gas. Pirani gauges are usually calibrated with a specific
gas such as air or argon. If another gas is to be measured, care should be taken to
consult a calibration curve for that gas. This type of operation is called the constantcurrent method and is used in the gauge on the system. Another mode of operation for
the Pirani gage is the constant-temperature method. This technique of measuring gas
pressure requires the filament to be kept at a constant temperature. First, the filament
is exposed to a sufficiently low pressure (such as 10

4

Pa) and R1, (Figure 3.6),

is adjusted to keep the bridge in balance. In this manner, when the gas pressure
changes, the bridge will become unbalanced because the resistance of the filament
changes (resistance lowers for an increase in heat loss due to a pressure increase). If
the voltage to the filament is increased, the wire is heated, increasing its resistance,
which moves the bridge back toward balance. This constant-temperature method, is
the most sensitive; however it requires more maintenance than the constant-current
method, as the gauge must be balanced before each measurement.
A cold cathode sensor is a type of ion gage in which a wire anode loop maintained at a given potential is positioned between two cathodes. This tube configuration is itself surrounded by a permanent magnet of about 0.1 to 0.2 T [37]. The
resulting positions of the electric and magnetic fields causes free electrons in the system to travel long distances along spiral paths before colliding with the anode. This
results in a high rate of ionization of gas atoms. These ions are then collected and the
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Figure 3.7: Example of a Wheatstone bridge circuit for use in a Pirani gauge.

resulting ion current is converted to a gas pressure. However, the ion current is only
proportional to pressure when the temperature is constant because the ion gauge is
actually measuring particle density, not pressure. The resulting use of two gauges
insures maximum sensitivity across the entire high-vacuum to atmosphere range.

3.2.3

Substrates
Both glass and silicon wafers were used in the development of hard X-ray

multilayer coatings in this system. The substrate holder could accommodate 1 inch
to 4 inch diameter circular wafers for coatings. A photo of a 4 inch glass wafer
attached to the substrate holder (outside of the chamber) is shown in Figure 3.8.
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However, before any coatings could be deposited, the substrates were characterized for
surface roughness and defects. Using atomic force microscope (AFM) measurements,
the RMS roughness of uncleaned substrate surfaces was determined. The average
roughness of the silicon and glass substrates (4 inch) were 3.5 ± 0.1 Å and 17.0 ± 0.1
Å respectively. While 3.5 Å is a reasonable substrate roughness, 17 Å is not, as this
value would cause detrimental e↵ects in the performance of any X-ray optic coating
deposited on it, as shown in Section 2.3.3.
It was clear from these results that the glass substrates had to be cleaned
before any coating could be deposited. A cleaning procedure for these substrates
has been adopted and slightly modified from that used to clean the glass substrates
for the NuSTAR mission [23]. This procedure included a heated (60 C) 20 minute
ultrasonic bath with acidic-based soap detergent followed by a de-ionized (DI) water
rinse. Next, the substrates were immersed in an acetone soak for 15 minutes followed
by another DI rinse. After the second rinse, the substrates were then put into an
ethanol soak for 15 minutes after which they were again rinsed in DI water. Finally,
the substrates were thoroughly dried with nitrogen gas before they were to be coated.
After cleaning, the average surface roughness of the glass substrates was 3.4 Å, a vast
improvement over the initial roughness measured with AFM.
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Figure 3.8: Photograph of substrate holder with uncoated 4 inch glass wafer. The
two Kapton R tape strips are in place to hold two aluminum foil grounding strips to
the substrates.
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CHAPTER 4

MULTILAYER COATING SYSTEM VERIFICATION

4.1

Coating Uniformity
The deposition chamber houses two 2 inch diameter cathodes, and although

space and cost e↵ective, the relatively small size can potentially pose a problem
when coating samples of diameters greater than that of the cathodes. The plume
distribution of the ejected target atoms is proportional to the size of the cathode
and the underlying permanent magnets, with the highest flux of atoms located at
the center of the target. Therefore, the resulting coating thickness was greatest at
the point directly above (in the z-direction) the center of the target and gradually
diminishes as a function of radial position on the sample from this reference point (as
cos ✓). This non-uniformity in coating thickness is more pronounced across the sample
as its diameter increases beyond that of the cathodes. As a result, optimization of
the relative cathode-sample positioning has been investigated.
Coating uniformity is sensitive to several geometry-dependent parameters including the relative vertical and radial positions of the cathode and substrate as well
as the distribution of ejected atoms from the target plume distributions. Optimization of the radial position of the cathodes was first undertaken to minimize coating
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Figure 4.1: Cathode-substrate configuration of multilayer coating chamber. [Not to
scale.]

non-uniformity, as the substrate was located at a fixed position. The general cathode/substrate configuration within the chamber is shown in Figure 4.1.
The parameter R is the radial position of the cathode with respect to the
center of the chamber (and center of rotation of the cathodes). The parameter

r is

the o↵set of the centers of the substrate and cathode. This parameter is varied until
the non-uniformity of the coating is minimized and this is achieved by adjusting the
radial position of the cathode with respect to the fixed substrate center. Coating nonuniformity is parameterized using X-ray reflectometry (XRR) measurements made
at evenly spaced positions along the diameter of the sample. For all uniformity
experiments, 4 inch diameter samples were used with layer thicknesses taken for 8
positions per sample. These measurement locations are shown in Figure 4.2.
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Figure 4.2: Schematic of the positions on 4in diameter sample that are measured
with XRR to determine coating uniformity [not to scale].

Tungsten thin films were deposited and used to parameterize and improve
coating uniformity of the deposition chamber this is one of the materials that was
anticipated to be used in future broadband coatings to verify the chamber’s capabilities. Base pressures for these coatings were routinely on the order of 10E-7 Torr.
The working gas used was argon with a typical gas pressure of 2.81 mTorr (same
pressure used or deposition of the NuSTAR multilayer coatings) and gas flow of 50
sccm (standard cubic centimeters per unit). The tungsten cathode power was set at
50 W.
The initial o↵set parameter,

r, is 49 mm radially outward with respect to

the center of the substrate. The center of the cathode is never brought to a radial
position less than that of the substrate center. Several W coatings were deposited at
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Figure 4.3: Thickness profiles of several W/Si periodic multilayers at various

r.

this initial position with resulting coating thickness non-uniformity across the 4 inch
substrate of approximately ±17%. This is not within the acceptable non-uniformity in
order to make accurate stress measurements of the coating. When using the deflection
method to determine the stress of a coating, the curvature of the substrate as a result
of coating stress is measured. The resulting curvature is directly proportional to the
stress, assuming a constant thickness across the area over which the curvature was
measured. Therefore, minimizing the coating non-uniformity is a priority to insure
accurate coating stress measurements. Because of this, the o↵set parameter,

r,

was varied several more times until the non-uniformity of the coating was minimized.
Figure 4.3 and Figure 4.4 show the thickness distributions of the coating deposited
at these varied o↵sets, both with actual thickness and normalized thickness.
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Figure 4.4: Normalized thickness profiles of several W/Si periodic multilayers. The
total non-uniformity of each profile is displayed in the bottom right.

Once the non-uniformity was optimized via the

r parameter, a mask posi-

tioned between the substrate and cathode was implemented. The mask was iteratively shaped such that the film thickness profile of the coatings converges to near
0% non-uniformity. Although 0% non-uniformity is desirable, this is unrealistic and
a non-uniformity of ± 1 to 2% was considered acceptable for coating stress measurements.
The first mask was chosen as a wedge with an opening angle of 19 , sufficiently
small enough to not block too much of the sputtered material, allowing reasonable
deposition rates to be maintained. From this mask shape and orientation, a coating
thickness profile was found using XRR measurements along the sample diameter.
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A polynomial was fit to this profile from which a correction to the original mask
shape was derived. This process was repeated iteratively on each successive mask
shape/thickness profile until the desired non-uniformity was reached.
It should be noted that after the thickness profile for XRO 029 was reached,
small changes occurred in the position of the cathodes during the installation of
new magnetron magnets. This slight shift resulted in a di↵erent coating thickness
distribution in XRO 055 and above. The new pre-mask coating thickness profile of
XRO 055 has an average non-uniformity of ±8.39%.
The first coating thickness profile found after deposition while using the 19
wedge mask is shown in Figure 4.5 and it is compared to that of XRO 055 (pre-mask
distribution). The implementation of the mask was expected to reduce the overall
coating thickness at each sample position but it also increased the non-uniformity of
the previous thickness distribution, so a new mask shape was investigated.
To produce a significant improvement in non-uniformity, a more intricate mask
shape was required; the opening angle of the mask as a function of sample radial
position is varied. To calculate the second mask iteration, a thickness ratio for each
radial point along the sample was calculated based on the initial thickness distribution
and the desired final coating thickness. This was done by fitting the thickness profile
of the coating after the first mask iteration with a function, typically a second order
polynomial. This produces a best-fit continuous distribution of coating thicknesses
as a function of radius. These thicknesses are then divided by the final desired
coating thickness value to produce a thickness ratio value for each radial position
on the sample. This ratio was then multiplied by the mask angle at that given radial
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Figure 4.5: Thickness profile distributions for XRO 055 (no mask) and XRO 058
(wedge mask).

position. Because the first mask has a continuous opening angle, the new mask shape
was calculated using the following equation for each of the radial sample positions

✓new = 19 ⇤ (tr /td ),

(4.1)

where tr is the initial radial thickness and td is the desired final coating thickness.
The raw profile data and 2nd order polynomial fit for XRO 058 is shown in Figure 4.6.
The dashed line in the plot indicates the desired final coating thickness, td , which is
used to calculate the thickness ratio as a function of radius and ultimately the new
mask shape.
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Figure 4.6: Thickness profile distribution of XRO 058 with with 2nd order polynomial fit.

To calculate the new mask shape, (4.1) was implemented with td = 35.4 Å
and tr determined from the polynomial fit shown in Figure 4.6. Figure 4.7 shows the
original wedge mask shape compared to the new mask shape, which is wider at the
edges of the sample (±50 mm), because in order to achieve uniform thickness, the
amount of material deposited at these locations must be reduced.
The mask calculation process described above was then repeated iteratively
until the desired non-uniformity was achieved. The best non-uniformity obtained with
this mask implementation was ±1.3% (from XRO 070). The normalized thickness
profiles of all the periodic multilayer coatings deposited for this mask optimization
process are shown in Figure 4.8. It should be noted that the radial position of the
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Figure 4.7: Polar plot of the wedge mask shape and new mask shape calculated
from XRO 058 thickness profile. The radial positions are shown in mm.

mask itself was also adjusted slightly during this optimization and therefore several
profiles show a shift in minimum or maximum d-spacing. The final mask shape
compared to the original wedge as well as a photo of the mask cut from steel using
wire EDM (electrical discharge machining) are shown in Figure 4.9.

4.2

W/Si Depth-graded Calibration: NuSTAR Flight Recipe 10
Multilayer coatings designed for use on astronomical telescope mirrors are

complicated structures involving large numbers of bilayers with a varied range of
tightly-controlled d-spacings from several hundred Angstroms to tens of Angstroms.
Therefore, to demonstrate the capabilities of the coating system developed here, such
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Figure 4.8: Layer thickness profiles show convergence to minimum non-uniformity
across 4 inch diameter substrates from XRO 058 (first mask) to XRO 070 (final mask).

a complex structure must be deposited and its performance verified. One of the ten
NuSTAR mirror coatings was selected for this study: NuSTAR flight recipe 10 (FR
10). This is a depth-graded W/Si multilayer coating with N = 291, d = 74.5 to
25 Å,

stack

= 0.38,

top

= 0.8 and a power law grading function (which describes

how the layer thicknesses vary as a function of layer number j) of the following form:
z(j) =

a
(b+j)c

where c = 0.19.

During coating deposition, the layer thickness of a given target material was
controlled by the exposure time of the target over the sample as driven by the rotational speed of a stepper motor. For a depth-graded structure, the exposure time for
each layer increases as a function of layer number (as defined from the bottom of the
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Figure 4.9: Polar plot of the wedge mask shape and final mask shape calculated
from XRO 063 thickness profile. The radial positions are shown in mm.

stack to the top) which corresponds to the increase of layer thicknesses throughout
the stack for the given NuSTAR FR 10 design. It was not expected that the first
attempt at depositing the NuSTAR coating design would yield the exact result due to
the complex nature of the coating and probable di↵usion between the layers. In this
case, several deposition iterations took place during which the exposure times were
corrected to converge to the desired coating. This cannot be done without knowing
the as-deposited structure of the original deposition run. To this end, an optimization
routine was developed by [39] as a practical means to determine the actual coating
layer thicknesses. This method is adopted for this work to most efficiently deposit a
depth-graded multilayer coating of a specific design.
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The optimization method of [39] utilizes the Levenberg-Marquardt algorithm
with the required initial guess values of the independent parameters to reach a global
minimum of the given merit function. These independent parameters do not include
the individual layers (2N) in the stack as one may initially suppose, rather they are
related to the dependence of layer thickness on target exposure time. This dependence
is expected to be linear. Three periodic W/Si multilayers with varied d-spacings
within or near the d-spacing range of the NuSTAR FR 10 recipe were deposited and
analyzed. A linear relationship between layer thickness and exposure time can be
found for each material in the multilayer (W and Si), resulting in four independent
parameters, not 2N independent parameters. These parameters, in addition to the
known set of exposure times for a given depth-graded deposition run, were used to
determine the as-deposited layer thicknesses.
Three periodic W/Si multilayers with three di↵erent d-spacings near or within
the range of NuSTAR FR 10 were deposited: XRO 107, XRO 108, XRO 109. The
desired values of d for each of these coatings were 75 Å, 50 Å, and 25 Å. When
deposited, the fitted d values were found to be 97.30 Å, 46.10 Å, and 21.15 Åusing
the fitting algorithm descried in Section 2.3. The d-spacings of these three coatings
compared to the total d-spacing range of NuSTAR FR 10 are shown in Figure 4.10.
Two other parameters,

and

, were also fit and are listed for the three coatings

in Table 4.1. The total number of bilayers, N , were chosen in order to maximize
reflectance (to help with achieving good fits) while minimizing the overall coating
time. XRR measurements were made of each of the three deposited periodic structures
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Figure 4.10: NuSTAR FR 10 d-spacing as a function of layer index. The d-spacings
of XRO 107, XRO 108 and XRO 109 are overlayed to show how the range of NuSTAR
FR 10 d-spacings were sampled.

Table 4.1: Three periodic W/Si multilayers coating parameters with thicknesses
contained within the NuSTAR FR 10 coating design.
SampleID

d (Å)

XRO 107
XRO 108
XRO 109

97.30
46.10
21.15

(Å)
0.27
0.29
0.32

3.4
4.0
4.0

N
10
20
40

and those results along with the model fit to the data using the IMD software [27]
are shown in Figure 4.11 through Figure 4.13.
The thickness of each layer for both materials is plotted with respect to the
exposure time of the target on the sample during the coating run. A linear fit of the
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Figure 4.11: 8.048 keV reflectivity curve of XRO 107. Measured data is shown
overlayed with the fit curve calculated in IMD.

following form was determined for both materials:

h(t) = ↵t +

(4.2)

where h is the d-spacing, t is the exposure time, ↵ is the deposition rate (Å/s) and
is the intercept. To better interpret the mechanics of the film growth for each
material, (4.2) can be rewritten as

h(t) = ↵(t + t0 )
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(4.3)

Figure 4.12: 8.048 keV reflectivity curve of XRO 108. Measured data is shown
overlayed with the fit curve calculated in IMD.

where
t0 = | |.
↵

(4.4)

This term, t0 , can be defined as the amount of time before a solid monolayer of the
given material is grown. After this time, the deposition rate becomes truly linear [35].
The linear fit parameters for W and Si were found to be ↵W = 0.69 Å/s,
Å, and ↵Si =0.83 Å/s,

Si =-5.66

W

= -0.20

Å respectively. These parameters are then used to

calculate the set of exposure times for the desired NuSTAR recipe. Figure 4.14 shows
these data and the best linear fits for both W and Si.
This depth-graded coating follows the recipe of NuSTAR FR 10. Each layer
thickness was calculated from the given coating parameters described in [23] and the
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Figure 4.13: 8.048 keV reflectivity curve of XRO 109. Measured data is shown
overlayed with the fit curve calculated in IMD.

corresponding exposure times have been calculated using the relations above. The
total time for this first recipe iteration (XRO 110) was approximately 8 hrs in the DC
magnetron sputtering chamber outlined in Chapter 3. After deposition, the coating
was then characterized using the X-ray reflectometer at 8.048 keV over a range of
graze angles from 0 to 2 .
Upon initial inspection of the experimental curve in Figure 4.15, the critical
angle fit well with that of the model; however, the Kessig fringes from a graze angle
of about 1 and beyond are o↵set from those of the model suggesting that the layer
thicknesses within the stack were thinner than optimal, possibly due to di↵usion of
the layers or a reduction in deposition rate between runs. Additionally, the features
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Figure 4.14: Tungsten and silicon layer thickness as a function of exposure time.
The slope of the linear fit is equivalent to the deposition rate.

in the FR 10 design around a graze angle of 1.5 do not seem to be present in the
experimental curve which could again be caused by di↵usion of the interfaces, whereby
the lack of sharp interfaces masked many of the distinct features. Therefore a second
iteration of this coating was made based on the optimization method described above.
The four fit parameters found for XRO 110 are ↵1 = 0.551 Å/s,
0.755 Å/s and

2

1

= 5.812 Å, ↵2 =

= -11.622 Å with a merit function value M F = 37.396. The merit

function used for the fits is defined as

M F (↵1 ,

1 , ↵2 ,

2)

=⌃

"

0

ln(Rxrr )
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ln(R(↵1 , 1 , ↵2 ,
0
ln(Rxrr
)2

2 )))

2

#

,

(4.5)

Figure 4.15: Model 8.048 keV reflectivity curve of NuSTAR FR 10 coating compared
to experimental reflectivity curve of XRO 110, the first coating iteration.

0

where Rxrr is the experimental reflectivity curve R data and R(↵1 ,

1 , ↵2 ,

theoretical reflectivity curve of the desired coating design [39]. The ↵ and

2)

is the

param-

eters are then used to calculated a new set of rotation times for the second coating
iteration using (4.2). XRO 111 is the second iteration coating of this study and is
shown in Figure 4.16.
The resulting coating, XRO 111, from the second deposition iteration showed
a slight convergence of the as-deposited structure to the ideal design compared to the
results from XRO 110, suggesting that the optimization routine converged to a global
minimum resulting in more accurate fit parameters for each of the two materials.
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Figure 4.16: Model 8.048 keV reflectivity curve of NuSTAR FR 10 coating compared
to experimental reflectivity curve of XRO 111, the second coating iteration based o↵
results of an optimization routine.

Although XRO 111 is closer to the optimum coating design, it is still not as exact
as needed for this verification study. Because the study carried out in [39] achieved
convergence to an optimal coating design after one iteration, and the work presented
here utilizes the same optimization fitting method, suspicion arose about the ability
of the new coating chamber to deposit as-designed coating. However, XRO 111
showed an improvement over the previous iteration, and because of this, a third
coating iteration was carried out where the exposure times were again calculated
from fit parameters of the optimization routine as described above. Figure 4.17 shows
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Figure 4.17: Model 8.048 keV reflectivity curve of NuSTAR FR 10 coating compared
to experimental reflectivity curve of XRO 113, the second coating iteration based o↵
results of an optimization routine.

the third coating, XRO 113, deposited in an attempt to achieve convergence to the
optimal NuSTAR FR 10 coating design.
Again, total convergence was not achieved with the as-deposited coating (XRO
113), therefore several more iterations were done to try to find this convergence. In
an attempt to achieve better fits to the experimental data using the fitting algorithm,
a fifth fit parameter, , was added to parameterize the coating roughness, both interfacial and surface. This was implemented starting with XRO 113. Even with the
added fit parameter, it was found that a full convergence to the optimal design could
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Table 4.2: Fit parameters found using optimization program for NuSTAR FR 10
coating design.
SampleID
XRO
XRO
XRO
XRO
XRO
XRO
XRO
XRO

110
111
113
114
116
117
119
120

MF

↵1 (Å/s)

37.40
7.90
12.47
6.84
13.74
15.87
20.52
17.79

0.55
0.54
0.59
0.56
0.60
0.56
0.55
0.56

1

(Å)

5.81
2.90
3.04
1.87
-1.50
-2.80
-4.95
-4.86

↵2 (Å/s)
0.76
0.71
0.62
0.59
0.51
0.40
0.38
0.38

2

(Å)

-11.62
-8.79
-9.28
-8.46
8.67
8.88
10.09
9.90

(Å)

4.30
4.85
5.19
4.53
5.54
5.46

not be achieved and several possibilities for this result are discussed in the next section. Table Table 4.2 lists all coating iterations made to attempt to converge to the
NuSTAR coating design with each of their respective fit parameters.

4.2.1

Possible Explanations for Non-convergence
The first possibility for the non-convergence to the NuSTAR optimal design

for the deposited W/Si layers is run-to-run target deposition rate variability. If the
target deposition rate changes significantly between runs, then the fits used in the
optimization routine from the previous coating are invalid for the current coating
which would result in a non-optimal coating. Another possibility is the non-repeatable
placement of the samples within the substrate holder run-to-run. If the sample is not
located in exactly the same position for every optimization iteration, the coating
thickness will vary at a given location. Finally, the XRR measurement may not be
occurring at the same position on each of the samples resulting in non-repeatability
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between measurements. However, as mentioned in Section 2.3, the repeatability study
carried out on the XRR before full time use began did verify that the XRR system
itself is sound and therefore not likely to be the source of error causing the nonconvergence. Another systematic study of the repeatability of the multilayer coating
chamber and associated testing was conducted to provide complete understanding of
the new set-up.

4.2.2

Systematic Study of the Repeatability of the Multilayer Coating
Chamber
To specify the source of error which may cause the depth-graded multilayer

coating non-convergence described above, an extensive repeatability study was performed using the new multilayer coating chamber.

4.2.2.1

Periodic Repeatability

Six periodic W/Si multilayer coatings of the same design were deposited, three
with two grounding strips in contact with the substrate surface, and three without
grounding. It was suspected that inconsistent placement of grounding strips on the
surface of the substrate run-to-run could lead to variation in coating thickness and
roughness. The grounding strips are simple aluminum foil strips, newly cut and
placed before each run, held in contact with the surface of the substrate at its edges
by Kapton R tape. A single mounting clip is also used at the top of the substrate for
further security.
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A comparison of the reflectivity curves of these six coatings was used to determine how much: 1) the variation in the placement of the sample on the substrate
holder in the deposition chamber, 2) substrate grounding and 3) placement of the
sample for XRR measurements can contribute to the variation in measured coating
parameters. The coating design here is a periodic W/Si multilayer with N = 10, d =
90 Å and

= 0.28 with the following deposition parameters: gas pressure = 2.81E-3

Torr, gas flow = 50 sccm, W power = 50 W, Si power = 120 W, and average base
pressure of 6.4 E-7 Torr. The reflectivity curves of the three grounded repeatability
runs are shown in Figure 4.18 while those of the three ungrounded repeatability runs
are shown in Figure 4.19.
The fit parameters for the experimental reflectivity curves of XRO 138 - 140
were found using the IMD [27] software and are given in Table 4.3. Investigation of the
individual repeatability sets shows that the grounded samples d-spacing values varied
by ±0.80 Å which is equivalent to ±1.74% of the average value and the ungrounded
samples d-spacings varied by ±1.69 Å or ±3.51% of the average. Variation within the
sample set was found to be higher for the ungrounded coatings than for the grounded,
however these variations within the individual sets can be translated as the error
associated with some non-repeatability in the placement of the sample on the holder
in both the coating chamber and XRR. When comparing the two sets directly, the
average d-spacing for the grounded samples (XRO 138 - 140) is approximately 4 Å
less than that of the ungrounded samples, outside one standard deviation, therefore
demonstrating that a lack of grounding of the sample a↵ects the coating thickness
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Figure 4.18: Experimental 8.048 keV reflectivity curves of the three grounded W/Si
periodic multilayer coatings.

significantly. In fact, the largest percent di↵erence between the d-spacing values of
two repeatability sets is found to be ±3.55%
A few other reflectivity curve parameters of the six coatings above were compared to eliminate any error associated with the multi-parameter fit of the reflectivity
curve carried out in IMD [27]. First, the position of the second order reflectivity peak
(in deg) was compared within the two data sets. This parameter is directly related to
the d-spacing of the coating. In addition to this, the amplitude of the second order
reflectivity peak was compared to further constrain any repeatability error. These
two parameters are found by fitting the second order reflectivity peak of each of the
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Figure 4.19: Experimental 8.048 keV reflectivity curves of the three ungrounded
W/Si periodic multilayer coatings.

Table 4.3: Fit coating parameters of grounded (XRO 138, 139, 140) and ungrounded
(XRO 142, 144, 145) periodic W/Si multilayers.
SampleID

d (Å)

XRO 138
XRO 139
XRO 140

92.00
91.10
92.70

XRO 142
XRO 144
XRO 145

94.50
96.80
97.80

Average d (Å)

int

sub

0.280
0.280
0.280

3.20
3.20
3.20

5.00
5.00
5.00

91.93±0.80

0.280
0.275
0.275

3.50
3.50
3.50

3.00
3.00
3.00

96.37±1.69
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Table 4.4: First order reflectivity peak fit parameters of grounded (XRO 138, 139,
140) and ungrounded (XRO 142, 144, 145) periodic W/Si multilayers.
SampleID

Peak Position
(deg)

XRO 138
XRO 139
XRO 140

1.01
1.02
1.00

XRO 142
XRO 144
XRO 145

0.99
0.97
0.96

Average Peak Position
(deg)

2nd Order
Peak R

Average 2nd
Peak R

1.01±0.01

0.44
0.45
0.46

0.45±0.01

0.97±0.02

0.47
0.50
0.48

0.48±0.01

six coatings’ reflectivity curves with a 2nd order polynomial. The results of these fits
are shown in Table 4.4.
The second order reflectivity peak position values for the two sample sets
(grounded and ungrounded) vary, further demonstrating that the sample grounding
results in a significant change in coating thickness. This parameter, (reflectivity peak
position) was ultimately used in a depth-graded coating repeatability study to further
study how much the longer coating runs a↵ect run-to-run repeatability.

4.2.2.2

Depth-graded Repeatability

To determine if the depth-graded non-convergence issue was caused by any of
the variations found in the periodic repeatability study described in the last section or
if other sources of error are the culprit, a repeatability study of a depth-graded W/Si
multilayer coating design was conducted. The depth-graded design/exposure times
here are the same as that used for XRO 117. For this more thorough study, in addition
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Table 4.5: First order reflectivity peak fit parameters of repeated depth-graded W/Si
multilayers: XRO 147 - XRO 150.
SampleID
XRO
XRO
XRO
XRO

147
148
149
150

Peak Position
(deg)

Average Peak Position
(deg)

0.89
0.93
0.91
0.94

0.92±0.02

1st Order
Peak R
0.25
0.25
0.25
0.22

Average 1st Order
Peak R
0.24±0.01

to comparing the reflectivity curves of the repeated coatings, the erosion profile of the
targets’ “race tracks” (circular erosion patterns on the surface of the target) are also
measured after each of the repeat coating depositions to determine if a non-linear (in
time) erosion of the targets caused run-to-run deposition rate variability for the long
depth-graded coating runs. These depth-graded coatings were secured and grounded
in the same way that the grounded periodic coatings described in the previous section
were. After four repeat depth-graded coating runs, variations were found among the
reflectivity curves and are shown in Figure 4.20. As mentioned above, the first order
reflectivity peak for each of these curves was analyzed and fit using a second order
polynomial to extract the two fit parameters: first order reflectivity peak position
and first order reflectivity peak reflectance (R). These parameters for each of the four
curves are shown in Table 4.5.
The largest percent change in the first order reflectivity peak position, which
corresponds to the overall thickness of the multilayer, is found to be ±2.9%. When
compared to the largest percent change between second order R peaks of the grounded
and ungrounded periodic coatings (±3.01%), the variation in the depth graded coat87

Figure 4.20: Experimental 8.048 keV reflectivity curves of four W/Si depth-graded
multilayers of the same design (a repeat of XRO 117).

ings is still within the error found from changes in substrate grounding. Therefore,
the depth-graded coating non-repeatability cannot yet be definitively explained. The
deposition rates may still be changing run-to-run but that error may be within the
range found from the ungrounded repeatability study or perhaps the grounding strips
lose contact with the surface of the substrate over the approximately 7.5 hr coating
run, leading to non-repeatable grounding of the substrate.
Another substrate grounding configuration was investigated to see if the runto-run variation of the depth-graded coatings can be reduced. Instead of relying
on two aluminum strips and Kapton R tape, possibly variable in size and shape
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for each run, the substrate clips were modified and more were introduced to act as
the source of ground. The clips, originally in a curved shape, were shaved o↵ at
the ends to produce a knife-edge tip which is then in contact with the substrate
surface and further secured by a screw which increases the force with which the
knife-edge tip is in contact. A schematic of the change in the clip shape is shown
in Figure 4.21. In addition to the single clip already in place for the substrate, two
more clips were introduced into the substrate holder configuration, each separated by
approximately 20 degrees. Figure 4.22 shows a schematic comparison of the original
and new substrate holder/grounding configuration. The locations of these clips are
set by the locations of the tightening screws running through the end of each. Three
additional depth-graded repeatability runs were conducted with this new substrate
holder/grounding configuration.
Four additional depth-graded coatings were repeated with the new clip grounding configuration to determine if the variation in the reflectivity curve measurements
was due to random error from the previous grounding configuration. The four resulting curves are shown in Figure 4.23. The first order reflectivity peak for each of these
curves was analyzed and the two fit parameters, first order reflectivity peak position
and first order reflectivity peak reflectance (R), are compared. These parameters for
each of the four curves are shown in Table 4.6.
The peak position di↵erence between the four repeat coatings decreases consecutively by a relatively constant amount of (on average) 0.0264 degrees, implying
that there is a linear decrease in deposition rates of the two targets as they wear over
time. See Figure 4.24. Because this deposition rate change is linear in nature, the rate
89

Figure 4.21: Schematic comparison of the change in substrate clip shape.

Table 4.6: First order reflectivity peak fit parameters of repeated depth-graded W/Si
multilayers with new substrate grounding configuration: XRO 153 - XRO 156.
SampleID
XRO
XRO
XRO
XRO

153
154
155
156

Peak Position
(deg)

Peak Position Di↵erence
(deg)

1st Order
Peak R

0.03
0.03
0.02

0.21
0.21
0.17
0.16

0.97
1.00
1.03
1.05
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(a) Original sample holder configuration.

(b) New sample holder configuration.

Figure 4.22: Comparison of original and new sample holder grounding configuration.
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Figure 4.23: Experimental 8.048 keV reflectivity curves of four consecutive W/Si
depth-graded multilayer coatings of the same recipe.

change can be compensated for after every coating when calculating the next coating’s exposure times. This deposition rate change seems to only present measurable
e↵ects when the coating run times are considerably longer than an hour which is why
this rate change did not a↵ect the periodic coating repeatability studies discussed
above. At this point, it seems that any random error due to inconsistent grounded
from run-to-run has been eliminated, exposing the chamber’s systematic error.
The next coating, XRO 157, was attempted as an exact repeat of the previous
coating, XRO 156, while taking into account the linear deposition rate decrease by
applying a correction term to the exposure times for XRO 157. This was achieved by
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Figure 4.24: First order reflectivity peak position as a function of as a total deposition time for XRO 153 - XRO 156.

first comparing the fit parameters to the experimental reflectivity curves of XRO 155
and XRO 156. The di↵erence in the deposition rates (↵1 and ↵2 ) of the two targets
between the two runs was found to be 0.001 Å/s for W and 0.013 Å/s for Si. These
values divided by the total number of passes each target makes across the substrate
during coating (i.e. N = 291) is the increment by which the deposition rate decreases
per layer and that is added to the exposure times to correct for the rate drift. The
resulting coating, XRO 157, was then compared to XRO 156 (the previous coating) by
comparing the experimental reflectivity curves shown in Figure 4.25. There is a near
exact match in both reflectivity curves. The first order reflectivity peak positions for
XRO 156 and XRO 157 are 1.0535 and 1.0583 respectively, well within one standard
deviation as derived from the grounded, periodic coating repeatability study.
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Figure 4.25: Comparison of experimental 8.048 keV reflectivity curves of XRO 156
and XRO 157.

During the last repeatability study (XRO 153 - XRO 156), it should be noted
that the cathode manifolds were removed after every coating run, sandblasted, cleaned
then returned to the chamber to ensure that any excessive target material that had
built up on the manifolds would not flake o↵ and cause a cathode short during the
next deposition run. However, this procedure was not undertaken for the cathode
shrouds (they remained in place after each coating run). During the few coating
runs attempted after XRO 157, one cathode would no longer light due to excessive
target material build up on the underside of the shroud. This material was infringing
into the “dark space” which is necessary to produce a negative potential in front of
the target and ignite the plasma. Another step in the operation procedure of the
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multilayer coating chamber was added during which both the cathode manifold AND
shrouds are to be sandblasted and cleaned after each long depth-graded multilayer
coating run to prevent excessive material build-up. Unfortunately, the removal of the
shroud after every run could possibly introduce another source of run-to-run nonrepeatability by slightly varying the amount of dark space between the target surface
and the shroud. Therefore, three more depth-graded multilayer coatings (XRO 165
- XRO 167) of the same recipe were deposited to further characterize this possible
error due to variation in the shroud placement. The experimental reflectivity curves
of these coatings are shown in Figure 4.26.
In addition, a method for measuring the deposition rates in-situ of the W
and Si targets was implemented through the addition of a quartz crystal monitor to
the deposition system. As the target passes underneath the crystal, any changes in
the inherent frequency of the crystal’s vibration is converted to a deposition rate that
corresponds to each target. Figure 4.27 gives a photograph of the crystal monitor setup within the coating chamber. Any changes in the crystal frequency (and deposition
rate) can be determined by comparing the average rate from the first 10% of the
passes to the average rate from the last 10%. An example of a plot of the rates of
the W and Si targets as they pass across the crystal during one of these repeatability
runs, XRO 165, is shown in Figure 4.28. The large peaks correspond to the passage
of the W target under the crystal monitor while the smaller two peaks between these
correspond to the passage of the Si target under the monitor. There are twice as
many small peaks due to the system geometry. The crystal monitor is positioned
such that the Si target starts and stops underneath it, resulting in the two peaks.
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Figure 4.26: Comparison of experimental 8.048 keV reflectivity curves of XRO 165,
XRO 166 and XRO 167.

For repeatable comparison, the second of the two smaller peaks is used for the Si rate
comparison.
Again, the first order reflectivity peak position was compared for all three
curves and a relatively linear decrease in the peak position with an average decrease
of 0.025 per coating was found. This decrease is consistent with that found in the
previous repeatability study (XRO 153-XRO 157) and therefore it can be concluded
that the removal of the cathode shroud after each depth-graded coating run does not
significantly a↵ect the deposition of desired coating recipes. See Table 4.7 for the first
order reflectivity peak parameters for XRO 165 - XRO 167.
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Figure 4.27: Image of the multilayer coating chamber with the addition of the quartz
crystal monitor and support bracket.

Figure 4.28: Crystal monitor rate data for XRO 165 (first 2300 seconds). The
highest peaks correspond to the W passes and the smaller peaks correspond to the Si
passes.
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Table 4.7: First order reflectivity peak fit parameters of repeated depth-graded W/Si
multilayers with new substrate grounding configuration and new shroud cleaning
procedure: XRO 165 - XRO 167.
SampleID

Peak Position
(deg)

XRO 165
XRO 166
XRO 167

0.964
0.991
1.015

Peak Position Di↵erence Peak Position
(deg)
% Change (%)
0.027
0.024

2.73
2.41

The crystal monitor data, like that of XRO 165 shown in Figure 4.28 was
analyzed for each of the three repeatability coatings: XRO 165, XRO 166 and XRO
167. The magnitudes of the rates for each of the targets are not accurate, as the
scaling factors were calculated using an average of the two materials’ densities, since
the crystal monitor software is only set up for one target material at a time. However,
as the relative change in rate is the only parameter of interest, this was not a concern.
The relative change in deposition rate for the W and Si targets during each of the three
repeatability runs is shown in Table 4.8. From these data, however, the % change
run-to-run was found to be non-linear, unlike the data shown in Table 4.7. This
suggests that perhaps the crystal monitor, while useful for the rate determination of
smaller, less complex coatings, may not be the best instrument to monitor deposition
rate changes for longer deposition runs. All of the coatings in this repeatability study
lasted approximately 7.5 hrs. Perhaps the crystal monitor becomes less sensitive
after a certain thickness of material is deposited on its face. This is an interesting
development and can be examined further in future studies.
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Table 4.8: Crystal monitor target rate data for XRO 165 - XRO 167.

Sample ID

W Rate
First 10%
(Å/s)

W Rate
Last 10%
(Å/s)

W%
Change
(%)

Si Rate
First 10%
(Å/s)

Si Rate
Last 10%
(Å/s)

Si %
Change
(%)

XRO 165
XRO 166
XRO 167

3.15
3.05
3.29

3.02
3.08
3.00

4.11
-0.697
9.41

1.15
1.30
1.42

1.13
1.29
1.31

1.97
0.639
7.88

Random error in the experimental reflectivity curves of deposited depth-graded
multilayer coatings was removed through the implementation of a more consistent
substrate grounding configuration, revealing the underlying systematic error present
in the new multilayer coating chamber. This systematic error is manifest as a deposition rate drift for both cathodes used in the W/Si depth-graded coating depositions.
The drift was characterized as a linear decrease that can be compensated for when
depositing coatings of a desired recipe.
After the successful characterization of the systematic chamber error, deposition of the NuSTAR FR 10 was again attempted. The resulting experimental reflectivity curve of XRO 169 compared to the theoretical design reflectivity curve is
shown in Figure 4.29. The exposure times used to deposit XRO 169 were calculated
using the fit parameters for target 1 and target 2 deposition rates and o↵sets (↵1 ,
1,

↵2 ,

2)

from XRO 167 while also using the previously calculated exposure time

correction factors for each layer: 0.001 Å/s for W and 0.013 Å/s for Si. The FOM
value from the fit to these experimental data is found to be 5.68, the lowest MF value
of all the previous fits of the attempted NuSTAR FR 10 design (see Table 4.2).
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Figure 4.29: Comparison of the experimental 8.048 keV reflectivity curve of XRO
169 to the NuSTAR FR 10 ideal design.

The total thickness of the NuSTAR FR 10 recipe is 8944.8 Å. Based on the fit
of XRO 169, the calculated as-deposited thickness is 9037.2 Å, 92.4 Å greater than
the optimal design. This corresponds to an extra 0.16 Å of material deposited in each
layer, and an extra 0.32 Å in each bilayer, assuming the extra material is linearly
distributed through the stack. The additional 0.32 Å in each bilayer is well within
the average error associated with grounded multilayer coating bilayer thickness measurements (±0.8 Å) made with the coating chamber and XRR as shown in Table 4.3.
Therefore, through this fit of the experimental curve, the deposited XRO 169 coating
is determined to be satisfactorily close to the desired coating design within the limits
of the deposition system.
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CHAPTER 5

STRESS REDUCTION TECHNIQUES FOR W/SI DEPTH-GRADED
MULTILAYER COATINGS

5.1

Stress Measurement
Stress in thin film coatings is a parameter that cannot be overlooked when

developing a broadband multilayer coating for X-ray optics. The main reason is
that present and future technologies for X-ray optics center around using lightweight
mirrors made from very thin silicon or glass substrates. These thin substrates are
highly sensitive to any substantial force such as coating stress. These forces can
deform the figure of the optic, resulting in degradation of the instrument’s point
spread function (PSF) and overall performance. Therefore, studies to characterize
the stresses present in multilayer coatings and methods for reducing this stress were
investigated.
The method by which the stress in the multilayer coatings is determined involves a measurement of the curvature of the substrate before and after coating. The
pre-coat substrate trace is subtracted from the post-coat trace to eliminate any inherent substrate curvature from the measurement, leaving behind the curvature of
the substrate due to coating stress. Using Stoney’s equation given here [40]:
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=

Es t2s 
6(1 ⌫s )t

(5.1)

where Es is Young’s modulus of the substrate material, ts is the substrate
thickness,  is the resulting curvature of the substrate from film stress in units of
m 1 , t is the film thickness and ⌫s is Poisson’s ratio of the substrate material, the
stress for a given coating can be calculated. In this study, the substrates used were all
1 inch diameter P(100) silicon wafers (between 250 and 270 microns in thickness). The
Young’s modulus and Poisson’s ratio used are 2.29 x 1011 Pa and 0.265 respectively.
A contact profilometer was used to produce a trace of the substrate curvature
in one dimension along the diameter before and after coating. Assuming spherical
symmetry, only one trace per substrate was made. The deflection of the substrate
due to the coating was calculated by subtracting the two traces to determine the
constant curvature, , of the substrate which is used in (5.1) to calculate the coating
stress. The profilometer itself uses a small stylus with a contact force of 10mg which
does not disturb the sample by either digging into the coating or tilting the sample
upon contact. The scan length is 22.5 mm. The silicon wafer substrates are placed
onto a three point semi-kinematic mount with two flat edges, one used as a reference
point for placement along the flat edge of the substrate. A photo of the system while
taking a measurement on a coated 1 inch silicon wafer is shown in Figure 5.1, and
the substrate configuration is shown more closely in Figure 5.2.
The pre- and post-coat traces for one of the three periodic W/Si multilayers
(XRO 097) used in the NuSTAR calibration described above is shown in Figure 5.3.
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Figure 5.1: Photo of the contact profilometer used to measure stress of coatings on
1 inch diameter silicon wafers.

The resulting di↵erence in the two scans is shown in Figure 5.6. The curvature, , is
calculated by first fitting the curve in Figure 5.6 with a second order polynomial then
taking the second derivative such that  is a constant. The post-coat stress of XRO
097 calculated from the profilometry measurements were -805.93 MPa compressive
based on the deflection of the substrate shown in Figure 5.4.
The repeatability of placing the sample in the same position from measurementto-measurement had to be investigated in order to gain a clear understanding of the
instrument’s repeatability. To this end, the as deposited, annealed (at 450 C) XRO
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(a) Photo of substrate shown with flat edge (b) Three point semi-kinematic mount supagainst flat reference.
porting substrate.

Figure 5.2: Photos of the substrate configuration on the profilometer.

097 was measured 10 times using the profilometer. Each measurement was taken after
the sample was removed and then re-positioned onto the mount to insure that any
true variation in the placement of the sample is measured. These ten measurements
were then analyzed using the stress deflection method described above and the resulting stress values compared. Table 5.1 contains resulting stress values for each of the
ten measurements. The average stress value calculated from these ten profilometry
measurements is -860 MPa with a standard deviation of ±21 MPa.
5.2

Stress Reduction Techniques
The W/Si depth-graded multilayer coatings used on NuSTAR had intrinsic

stress values in the range of 10 to 200 MPa compressive, with an average of 75
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Figure 5.3: Pre- and post-coat profilometer scans of XRO 097.

Figure 5.4: Resulting deflection of the substrate used for XRO 097.
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Table 5.1: Repeatability of profilometry measurements: XRO 097 post-coat, post
anneal
SampleID

Calculated Stress (MPa)

XRO 097 Repeat 1
XRO 097 Repeat 2
XRO 097 Repeat 3
XRO 097 Repeat 4
XRO 097 Repeat 5
XRO 097 Repeat 6
XRO 097 Repeat 7
XRO 097 Repeat 8
XRO 097 Repeat 9
XRO 097 Repeat 10

-811
-881
-842
-877
-852
-880
-872
-872
-867
-851

MPa compressive as cited in [23]. It is also stated that it is possible that coating
induced stress made a small contribution to the NuSTAR PSF and that this would
definitely need to be addressed for future missions, particularly those that require an
improvement in the half power diameter (HPD) of the system significantly from the
approximate 1 arcmin HPD of NuSTAR [23], such as HEX-P, which proposes nearly
a factor of 4 improvement from NuSTAR. Therefore, studies to substantially reduce
the stresses present in W/Si multilayer coatings investigated in this research were
conducted. Two main methods of stress reduction include low temperature annealing
of coated samples and external stress compensation via the introduction of a stress
compensation layer(s).
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5.2.1

Annealing
Thermal annealing reduces intrinsic coating stress by means of heating the

as-deposited coating at a certain temperature for several minutes. If the temperature
is tuned properly, the coating may be relaxed back to zero intrinsic stress. However,
for this to be deemed successful, the reflectivity performance of the coating must not
change substantially. As a multilayer is heated, the two materials can di↵use into one
another resulting in less sharp material interfaces which ultimately leads to loss of
reflectivity. Therefore, if a multilayer could be designed such that the starting intrinsic
stress is relatively low, the corresponding transition temperature, Ttransition , might
also be low, minimizing the heat-induced damage to the interfaces and minimizing
the increase in di↵usion. Periodic W/Si multilayers subjected to low-temperature
annealing have been studied [40] with the results of the coatings transitioning from
compressive to tensile stress over a range of annealing temperatures.

5.2.1.1

Annealing: Periodic Multilayers

Annealing of thin film coatings has been shown in past experiments [40] to
help reduce the amount of compressive stress and even result in a transition from
compressive to tensile stress for W/Si-based multilayers. This has a great implication for achieving zero stress in W/Si multilayer coatings. Based on these initial
investigations, annealing experiments were conducted on three periodic multilayer
coatings whose d-spacings are contained in the NuSTAR FR 10: XRO 095, XRO 096
and XRO 097, to test the feasibility of this technique as a means to reduce stress in
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Figure 5.5: D-spacings of XRO 095 - XRO 097 compared to the range of d-spacings
in NuSTAR FR 10.

future broadband multilayer coatings. The d-spacings of these three periodic multilayers compared to the d-spacing range of the NuSTAR FR 10 design are shown in
Figure 5.5.
XRO 095, 096 and 097 were annealed for 20 minutes for a range of temperatures
and re-measured using the profilometer post-anneal to determine if the heat treatment
a↵ected the coating stress. Each sample was heat soaked at the desired temperature.
As a result, the samples were not exposed to temperature cycling. The three periodic
coatings and their stress values at various temperatures are shown in Table 5.2 below.
A plot of these data is also shown in Figure 5.6
It is seen that for each periodic coating of a given d-spacing, the temperature at
which the stress transitions from compressive (negative) to tensile (positive) appears
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Table 5.2: Stress in annealed periodic W/Si multilayers from 100 C to 550 C.

Annealing Temperature ( C)

XRO 095

(MPa)
XRO 096

23
100
200
300
350
400
450
500
550

-53
-45
150
782
1106
1512
1439
1389
1433

-1089
-1062
-904
-318
-316
-191
273
480
860

XRO 097
-806
-740
-534
-176
153
556
804
1675
1847

Figure 5.6: Stress as a function of annealing temperature for XRO 095, 096 and 097.
3rd order polynomial fits are shown to guide the eye to a general trend in the data
and to give an estimate of the zero stress temperature value for each coating. Error
bars indicate standard deviation found in the repeatability study of the profilometer
measurements.

109

Figure 5.7: Zero stress temperature as a function of d-spacing for XRO 095, 096
and 097.

to scale with d-spacing. The lowest d-spacing multilayer, XRO 095, has a d-spacing
of 25.6 Å and a zero stress temperature value of 148.45 C, whereas the high d-spacing
multilayer, XRO 096, has a d-spacing of 71.4 Å and a zero stress temperature value
of 423.65 C. The third multilayer with a d-spacing between these two also has a
zero stress temperature between that of the previous two coatings. A plot of the
coatings’ zero stress temperature as a function of d-spacing is shown in Figure 5.7.
There is a roughly linear dependence between these two parameters, which should
be investigated further by annealing other periodic W/Si multilayers with di↵erent
d-spacings to verify the linear trend.
As shown in Figure 5.6, each of the three periodic W/Si multilayers was annealed up to 550 C incrementally starting at 100 C. To verify that the incremental
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heating of the sample up to a desired temperature does not impact the stress associated with a given annealing temperature, another series of annealing tests were
conducted. These include taking each of the same three periodic multilayer coating
recipes (XRO 095 - XRO 097) and annealing them straight from room temperature to
near the theorized zero stress temperature to determine if the trends shown in Figure
4.18 are real.
Another set of three periodic W/Si multilayers (XRO 103 - XRO 105) of the
same recipe as XRO 095 - XRO 097 were deposited. The as deposited stress for
XRO 103 was measured and compared to that of XRO 095 and found to be within
the measurement error and therefore repeatable. XRO 103 was then annealed at
200 C and the resulting coating stress compared to the stress found at that same
temperature for XRO 095. The coating stress in XRO 103 at 200 C is significantly
lower than that of XRO 095 at 200 C. This trend is then tested again for the other two
periodic W/Si multilayers. Table 5.3 contains the post-coat stress and post-anneal
stress for each of the three original coatings (XRO 095, 096, 097) and their repeats
(XRO 103, 104, 105).
From Table 5.3, it is seen that the coating stress of XRO 104 and XRO 105 is
considerably greater than XRO 096 and XRO 097 respectively. This is the opposite
trend that was seen for XRO 103 and XRO 095. Perhaps the smaller d-spacing of
XRO 103 plays a role in this. However, it is clear that annealing a coating directly
at a given temperature does not result in the same post anneal stress as that when a
coating is incrementally annealed up to that given temperature. Analyzing the XRR
curves shown in Figure 5.8, Figure 5.9 and Figure 5.10, it is obvious that the higher
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Table 5.3: Repeat stress measurements of three as deposited and annealed periodic
W/Si multilayer coating recipes.
Sample ID

d(Å)

(Å)

As Deposited
(MPa)

Anneal T
( C)

Annealed
(MPa)

XRO 095
XRO 103

25.6
24.6

0.39
0.46

4.3
4.3

-53
-55

200
200

150
71

XRO 096
XRO 104

71.4
69.6

0.38
0.39

3.4
3.3

-1089
-1092

450
450

27
151

XRO 097
XRO 105

45.0
43.7

0.40
0.40

3.2
3.5

-799
-690

350
350

153
341

Table 5.4: Reflectivity parameter comparison before and after anneal for XRO 103,
104, 105.
Sample ID (Anneal T)

d(Å)

(Å)

1st Order R Peak

% Di↵erence (%)

XRO 103
XRO 103(200 C)

24.6
24.6

0.46
0.46

4.3
4.4

0.283
0.278

1.78

XRO 104
XRO 104(450 C)

69.6
67.4

0.39
0.41

3.3
5.4

0.735
0.694

5.71

XRO 105
XRO 105(350 C)

43.7
42.7

0.4
0.46

3.5
4.5

0.625
0.580

7.40

annealing temperatures used for XRO 104 and XRO 105 resulted in the most damage
to X-ray reflectivity performance. The maximum reflectivity, Rpeak , of the first order
reflectivity peak before and after annealing for XRO 103 - XRO 105 are compared
and shown in Table 5.4. The higher order reflectivity peaks of XRO 104 and XRO 105
display the most change as a result of the annealing, with highly suppressed peaks
and position shifts. This most likely due to the e↵ects of interlayer di↵usions due
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Figure 5.8: Experimental 8.048 keV reflectivity curves of XRO 103 before and after
annealing at 200 C for 20 min.

to annealing. Layer di↵usion results in a change in the relative thicknesses of the
two materials in the coating’s bilayers which manifests as a change in the parameter
. Indeed, this change is noted in Table 5.4. However, XRO 103 appears to have
remained relatively unchanged, with only a 1.78 % change in first order peak R and
no discernible shift in the peak position (or no noticeable change to ). This study
demonstrates that a lower temperature is desirable for use in annealing reflective
multilayer coatings for the purpose of stress reduction. Further work will need to be
conducted in order to achieve near-zero stress reduction in the post annealed coatings,
but the lower temperature annealing has been identified as the best option over higher
temperature studies.
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Figure 5.9: Experimental 8.048 keV reflectivity curves of XRO 104 before and after
annealing at 450 C for 20 min.

5.2.1.2

Annealing: Depth-graded W/Si Multilayers

Annealing experiments were also carried out on depth-graded W/Si multilayer
coatings, beginning with the NuSTAR coating design FR 10. Sample XRO 110, first
NuSTAR FR 10 iteration, was characterized pre-coat and post-coat as described
in Section 5.1. Figure 5.11 shows the pre and post-coat sample curvature along
with the resulting di↵erence. This change results in a coating stress of -109.96 MPa
(compressive). The stress values reported for the actual NuSTAR coatings are cited in
[23]. The average stress value for the W/Si multilayer coatings is 75 MPa compressive
with a range of 10-200 MPa compressive. So the first iteration of a W/Si depth-graded
multilayer coating deposited in the new chamber yields a stress within the range of
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Figure 5.10: Experimental 8.048 keV eflectivity curves of XRO 105 before and after
annealing at 350 C for 20 min.

that of the NuSTAR coating recipe. However, it must be noted that the as-deposited
structure of XRO 110 is not optimized to the NuSTAR design as shown and discussed
in Chapter 4.
XRO 111, 113 and 114 were selected for a depth-graded multilayer annealing study attempting to achieve net-zero stress in depth-graded multilayer coatings.
Although these three coatings are not of the exact design as NuSTAR FR 10, they
are similar and slight variations in total thickness of the three coatings allow for a
more extensive stress reduction study. The XRR profiles for XRO 111, 113 and 114
compared to that of NuSTAR FR 10 are shown in Figure 5.12.
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(a)

(b)

Figure 5.11: Profilometry of XRO 110, depth-graded W/Si multilayer similar to
NuSTAR FR10 design.
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Figure 5.12: Experimental 8.048 keV reflectivity curves of XRO 111, XRO 113 and
XRO 114 compared to theoretical reflectivity curve of NuSTAR FR 10.

The sample curvature for each of the three depth-graded multilayer coatings
was measured before and after deposition to determine the as deposited stress. Each
coating was then iteratively annealed for 20 min from 50 C to 600 C at 50 increments.
After each annealing session, the annealed substrate curvature was measured and the
resulting stress was recorded. These values are shown in Table 5.5 and plotted as a
function of annealing temperature in Figure 5.13.
As seen in Figure 5.13, each of the three depth-graded W/Si multilayer coatings
transitions from compressive to tensile stress under specific annealing conditions.
None of the pre-prescribed annealing temperatures used in this study allowed for an
exact zero stress data point; however, an interpolation of the data can be employed
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Table 5.5: Stress in annealed depth-graded W/Si multilayers from 50 C to 600 C.

Annealing Temperature ( C)

XRO 111

(MPa)
XRO 113

XRO 114

23
50
100
150
200
250
300
350
400
450
500
550
600

-529
-525
-507
-341
-239
-15
445
876
1155
1309
1569
1544
1520

-178
-174
-163
-51
19
239
625
876
1288
1653
2129
2106
2180

-367
-362
-344
-140
-102
517
614
1112
1376
1713
1989
1996
1944

Figure 5.13: Temperature dependent stress curves for XRO 111, XRO 113 and XRO
114.
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to extract this information. The three data sets in Figure 5.13 are fit using 3rd order
polynomials to interpolate the exact temperature at which that structure should be
annealed (for 20 min) to achieve a net zero stress within the coating. XRO 111, 113
and 114 were not repeated, so annealing experiments at those exact temperatures
were not conducted. However, the reflectivity performance of each of the depthgraded multilayers was measured before and after the transition from compressive to
tensile stress using XRR.
In this study, the three depth-graded multilayer coatings were measured with
the XRR three times: as deposited and at two annealing temperatures near Ttransition
(one before and one after). In this case, the reflectivity performance of the postannealed depth-graded coatings was sampled very near Ttransition . These reflectivity
curves for each of the three depth-graded coatings are shown in Figure 5.14.
Each of the reflectivity curves shown in Figure 5.14 was analyzed and compared to determine how the reflectivity performance of the multilayer coating was
a↵ected by the annealing process near Ttransition . To gain further insight into how the
reflectivity performance of the broadband W/Si multilayer coatings may a↵ect the
spectral response of a telescope operating in the hard X-ray band (like NuSTAR),
the theoretical reflectivity curves as a function of energy (not graze angle) are also
analyzed. Specifically, the fit roughness, , and integrated reflectance, Rint (E), are
compared between the three curves for each of the depth-graded multilayers. Rint (E)
is calculated by integrating the reflectivity curve as a function of energy. These values,
calculated over a range of graze angles, are used in conjunction with the geometric
area of a given telescope design to calculate the total e↵ective area Aef f . Therefore,
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(a) XRO 111 as-deposited and annealed
curves.

(b) XRO 113 as-deposited and annealed
curves.

(c) XRO 114 as-deposited and annealed
curves.

Figure 5.14: As-deposited and annealed XRR profiles of XRO 111, 113 and 114
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Table 5.6: Reflectivity parameter comparison before and after anneal for XRO 111,
113, 114.
Sample ID

(Å)

Normalized Rint (E)

% Change Rint (E) (%)

XRO 111
Anneal 250 C
Anneal 300 C

4.43
4.93
5.07

1.000
0.927
0.906

-7.59
-9.88

XRO 113
Anneal 150 C
Anneal 200 C

4.25
4.30
4.46

1.000
0.993
0.972

-0.67
-2.87

XRO 114
Anneal 200 C
Anneal 250 C

4.85
4.63
4.86

1.000
1.034
0.998

3.36
-0.16

comparing the integrated reflectance over energy of each of the coatings in this study
provides the most realistic example of how the annealing process a↵ects the coatings’
overall performance. The theoretical reflectivity curves as a function of energy for
the as-deposited and annealed XRO 111, as an example, are shown in Figure 5.15.
The selected energy range of 1 to 80 keV was chosen because it is the energy range of
NuSTAR, and these multilayer coatings are close to the NuSTAR FR 10 design. The
graze angle used to calculate these curves is 0.24 , an angle that is within the optimized angular range of NuSTAR FR 10 as cited in [23]. The integrated reflectance
is calculated as the area under these curves and is compared. Table 5.6 shows the
coating roughness, , the normalized Rint (E), and the % change in Rint (E) for the
as-deposited and annealed XRO 111 - XRO 114.
Referencing Table 5.6, it is seen that the largest change in Rint (E) of all three
coatings occurred for XRO 111 at an annealing temperature of 300 C with an asso121

Figure 5.15: Theoretical reflectivity curves as a function of energy for XRO 111
as-deposited, annealed 250 C and annealed 300 C.

ciated coating roughness of 5.07 Å. This is the highest annealing temperature that
any of the coatings were exposed to, indicating that higher annealing temperatures
result in worse coating performance. The lowest change in Rint (E) occurred for XRO
114 at an annealing temperature of 250 C with an associated coating roughness of
4.86 Å. However, the change in Rint (E) for the same coating but at a slightly lower
annealing temperature of 200 C was found to be +3.36 %, which indicates an increase in Rint (E), not a decrease as would be expected based on the results in the
previous section. Therefore, the measurements made from the annealing studies of
XRO 114 are deemed suspect as outliers. The Rint (E) values calculated from the reflectivity curves of the annealed XRO 113 coating, -0.67 % and -2.87 %, indicate that
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although annealing a↵ected the overall reflectivity performance, the lower temperatures of 150 C and 200 C (compared to those from the annealing of XRO 111) result
in less damage to the W/Si multilayer coatings than higher temperatures. Assuming
that this magnitude of reduction in reflectance is present in all coatings comprising a
given system, then the overall Åef f would be reduced by about 6%. When designing
a telescope, it is expected that some components may end up performing under the
optimized design. To this end, a practical limit of a reduction in total Åef f of around
5 to 6% is accepted. Therefore, the results from the annealing of XRO 113 demonstrate the successful use of low temperature annealing to reduce W/Si coating stress
with minimal reduction of coating reflectance.
To determine if the time of annealing has an influence on the transition temperature, two identical samples were annealed at di↵erent times over the same range of
temperatures. XRO 119 and XRO 120 were used in this experiment as they are exact
repeats of the same coating recipe. It was expected that 20 minutes is an appropriate
time for these annealing experiments; however, it was also considered that perhaps
a longer duration annealing could potentially lead to a transition from compressive
to tensile stress at lower temperatures. If this were to occur, then any degradation
to the reflectivity performance of the coating due to annealing could possibly be reduced. The temperature dependent stress curves for both XRO 119 and XRO 120
are shown in Figure 5.16. Before and after the transition from compressive to tensile
stress, the two samples exhibit the close to the same stress reduction even at di↵erent annealing times. XRR measurements of each sample were taken as-deposited,
annealed 300 C and annealed 350 C. Comparing these three curves for both samples
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Figure 5.16: Temperature dependent stress curves for XRO 119 and XRO 120. XRO
119 was annealed at each temperature for a duration of 20 minutes while XRO 120
was annealed for 60 minutes.

shows how the reflectivity performance is a↵ected by the time di↵erence in annealing
(see Figure 5.17). It is clear that the overall reflectivity of the annealed curves of
XRO 120, compared with those of XRO 119, is lower, suggesting that the reflectivity performance of the multilayer coating becomes worse the longer the exposure to
annealing temperatures.
Table 5.8 lists the coating roughness, , the normalized Rint (E), and the %
change in Rint (E) for the as-deposited and annealed XRO 119 and XRO 120, the
same parameters used for comparison of XRO 111, XRO 113 and XRO 114. The
largest % change of Rint (E) from the as-deposited to annealed XRO 119, with an
annealing time of 20 min, is approximately -1.7% while that of XRO 120, with an
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(a) XRO 119 as-deposited and annealed reflectivity curves.

(b) XRO 120 as-deposited and annealed reflectivity curves.

Figure 5.17: As-deposited and annealed 8.048 keV XRR curves of XRO 119 and
120. Both coatings are the same W/Si depth-graded design except XRO 119 was
annealed for 20 min at each temperature and XRO 120 was annealed for 60 min at
each temperature.
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Table 5.7: Stress in annealed depth-graded W/Si multilayers XRO 119 and XRO
120 from 50 C to 350 C at two di↵erent times (20 min and 60 min respectively).

Annealing Temperature ( C)
23
50
100
150
200
250
300
350

(MPa)
XRO 119 XRO 120
-413
-407
-398
-374
-253
-142
-54
23

-438
-431
-404
-346
-287
-185
-30
177

Table 5.8: Reflectivity parameter comparison before and after anneal at two di↵erent
times for XRO 119 and XRO 120.
Sample ID

(Å)

Normalized Rint (E)

% Change Rint (E) (%)

XRO 119
Anneal 300 C
Anneal 350 C

5.54
5.62
5.63

1.000
0.985
0.986

-1.47
-1.65

XRO 120
Anneal 300 C
Anneal 350 C

5.46
5.51
5.73

1.000
0.982
0.952

-1.79
-4.96

annealing time of 60 min, is approximately -5%. The lower annealing time of 20 min,
producing a similar turnover temperature to the annealing process at a longer time
of 60 min and a lower reduction in overall coating reflectance, was encouraging and
a shorter annealing time was adopted for the remaining annealing experiments.
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5.2.2

Compensation Layer
Another method for reducing the stress in thin film coatings involves the depo-

sition of a stress ”compensation” layer in which the intrinsic stress of the underlying
compensating layer is equal and opposite to that of the reflective coating layer. The
broadband W/Si multilayer coatings discussed in this work exhibit net compressive
stress on the order of hundreds of megapascals (MPa), therefore the compensation
layer must have intrinsic tensile stress near or at the same magnitude. However, the
magnitude of the intrinsic stress of these films is not the only parameter that needs be
analyzed. Intrinsic coating stress deforms the underlying substrate by some amount
that is related to the film thickness as well as substrate thickness, as illustrated in
Stoney’s equation (5.1). This deflection, , must be exactly canceled across the entire
substrate area for this method to be deemed viable for future low-stress hard X-ray
coatings. Previous studies [41] have shown some promise for this method of stress reduction, although they also report on the importance of coating uniformity across the
substrate surface for this method’s success. One study from Mirkarimi [41] reported
positive results using a stress compensation ”bu↵er layer” to externally counteract
the mirror distortion caused by both Mo/Be and Mo/Si EUV multilayer coatings. In
the first case, the Mo/Be deposited for this study had tensile stress so a compressively
stressed bu↵er layer of a-Si (amorphous silicon) was deposited under the multilayer.
Using this technique, a 400 nm (4000 Å) thick Mo/Be multilayer deposited on a 1100
Å thick a-silicon layer (which itself was deposited on Si(100)) resulted in a decrease
of the net stress from 330 MPa tensile to -22 MPa compressive with a corresponding
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decrease in peak reflectance of 0.7%. This study also reported the use of a compressively stressed multilayer ”bu↵er layer” to compensate the tensile stress in a Mo/Si
multilayer. Mo/Be was itself chosen as the ”bu↵er multilayer” because of its intrinsic
tensile stress and relatively smooth surface. A smooth surface on the underlying compensation layer is crucial when designing a stress compensation coating because the
underlying layer should only work to reduce the distortion, not the performance of
the reflective upper coating. Mirkarimi reports a reduction of stress of over 93% with
a corresponding reflectance decrease of only 0.9%, thus proving that a compensating
multilayer is in fact a reasonable option when applying stress compensation layers to
complex broadband multilayer coatings. The diagrams in Figure 5.18 show in basic
form the composition of the stress compensation/multilayer coating for two types of
configurations.

5.2.2.1

Cr mono-layer stress compensation

Chromium is an attractive option as a compensation layer material for thin
films because of its high tensile stress over a large range of gas pressures [42]. It was
identified as a good counter material for compressively stressed Ir (and thus promising for compressively stressed W/Si depth-graded multilayer coatings). However, [43]
found that net zero stress using an Ir/Cr bilayer deposited via magnetron sputtering
was only achievable on test wafers (flats), not on curved substrates, mostly due to
di↵ering spatial distributions of the two metal layers. This could be improved by calibrating the uniformity distribution of the materials being used on curved substrates
rather than on flat wafers. Another obstacle to overcome with Cr as a compensation
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Table 5.9: Deposition parameters and coating parameters of thin chromium films
on silicon wafer substrates.
Sample
ID
XRO
XRO
XRO
XRO
XRO
XRO
XRO

126
127
128
129
130
131
132

Cathode
Gas
Power
Pressure
(W)
(mTorr)
50
50
50
100
25
50
50

2.81
2.81
2.04
2.04
2.04
1.09
2.81

Gas
Thickness
Flow
(sccm)
(Å)
50
50
45
45
45
23
50

250
63.5
256
500
128.7
265
51

Roughness



Stress

(Å)

(µm 1 )

(GPa)

10
5.0
8.0
14.7
6.0
7.7
10.0

32.7
9.1
33.2
57.0
13.0
16.7
5.8

4.45
4.89
3.97
3.97
3.62
2.42
4.13

layer is that the film’s micro-structure is columnar, resulting in an increase in surface roughness as the film’s thickness increases, which could ultimately ruin the high
energy performance of a broadband multilayer coating [42].
Taking into account the potential issues associated with this stress compensation method, it was investigated as part of the initial stress compensation layer study
presented in this section. First, single layers of chromium deposited on a silicon wafer
substrate with various deposition parameters were characterized using XRR. The
coating parameters such as thickness, roughness, and stress are shown in Table 5.9.
The first two Cr coatings, XRO 126 and XRO 126, were deposited under the
same deposition conditions, except the exposure time for XRO 127 is a quarter of
that of XRO 126. As expected, the thickness of XRO 127 is nearly a quarter of the
thickness of XRO 126, however, the roughness of the thinner coating was halved, being
reduced from 10 Å to 5 Å . Since the chromium compensation layer is to be deposited
underneath the large depth-graded multilayer coating, a smoother Cr layer roughness
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is desirable. However, the curvature of the thinner chromium film is significantly
reduced from that of the thicker film, which is not desirable as a curvature of nearly
72 µm

1

is needed to compensate for the NuSTAR FR 10 design. Typically, film

roughness decreases as gas pressure decreases, therefore the next several chromium
coatings were deposited at a slightly lower gas pressure of 2.04 mTorr to observe
if the coating roughness could be reduced while still maintaining a thicker layer and
consequently higher deflection. XRO 128 was deposited at the 2.04 mTorr gas pressure
and has nearly the same thickness as XRO 126. When comparing the roughnesses,
XRO 128 is less rough by 2 Å. Although promising, an 8 Å film roughness is still
not low enough for the Cr compensation layer method to be viable. XRO 131 was
deposited at a gas pressure of 1.09 mTorr and the resulting coating of 256 Å showed,
again, a slight decrease in surface roughness (7.7 Å) but is still not satisfactory. The
gas pressure of 2.81 mTorr was selected as the working pressure for the remainder of
the Cr compensation layer study, as this is also the pressure used for the depth-graded
multilayer coatings and allows for deposition of the compensation layer as well as the
reflective multilayer during the same run. It should be noted that all the coatings
detailed in Table 5.9 were deposited on silicon wafers with an average roughness
of 6.75 Å. Smoother silicon wafers were acquired for the next round of Cr coating
analysis to determine if the underlying substrate roughness has a drastic a↵ect on the
Cr surface roughness. XRO 141 was deposited using the same deposition parameters
as XRO 126, but with a substrate roughness of 3 Å. The resulting thickness of the
coating is 249 Å but the surface roughness remained at 10 Å with a similar substrate
curvature of 34.0 µm 1 . It is therefore concluded that the columnar growth structure
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of the chromium thin film results in a relatively large surface roughness for coatings
of a thickness of several hundred Angstroms and larger.

5.2.2.2

Cr/Si multilayer stress compensation

Another method for stress compensation includes implementing a low microroughness periodic multilayer under the main multilayer structure with equal and
opposite stress. Such structures have been proposed [44] but have yet to be implemented in conjunction with a complex, broadband multilayer for X-ray optics. It
has been suggested that an amorphous silicon layer deposited on top of a chromium
thin film may help smooth the surface roughness to a reasonable magnitude and thus
may prove to be a good alternative to a compensating Cr mono-layer. The use of
Cr in a multilayer results in Cr layer thicknesses considerably less to that needed in
a monolayer for stress compensation. Because the Cr layers in a multilayer do not
need to be as thick in order properly compensate for depth-graded multilayer stress,
the roughness is reduced compared to that of a monolayer. To this end, XRO 146
and XRO 152, two Cr/Si bilayers of di↵erent thicknesses and gamma values, were
deposited. Table 5.10 shows the deposition and coating parameters for XRO 146 and
XRO 152.
XRO 146 demonstrates that the surface roughness of a 50 Å Cr layer when
capped with a silicon layer of around 27 Å can be reduced from 5 Å (see XRO 126)
to 3 Å. To see how well a silicon cap layer of the same thickness a↵ects the roughness
of a much thicker Cr underlayer, XRO 152 was deposited. The Cr thickness was 254
Å and the resulting surface roughness of the bilayer was measured to be 7.0 Å, a
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Table 5.10: Deposition parameters and coating parameters of two Cr/Si bilayers:
XRO 146 and XRO 152.
Sample
ID
XRO 146
XRO 152

Cathode
Gas
Power
Pressure
(W)
(mTorr)
50, 120
50, 120

2.81
2.81

Gas
Thickness
Flow
(sccm)
(Å)
50
50

50, 26.5
254, 26.5

Roughness



Stress

(Å)

(µm 1 )

(GPa)

3.0
7.0

2.95
42.2

2.95
4.44

reduction of 1.0 Å from a single layer of Cr of the same thickness with no silicon cap
(see XRO 128). This method shows some promise in reducing the Cr layer roughness
and is investigated further by depositing a Cr/Si multilayer with N = 11 bilayers of
similar design as XRO 146. The increased number of bilayers is necessary in order to
produce a large enough curvature to compensation for the depth-graded multilayer
coating. The resulting multilayer, XRO 171, was found to have a d-spacing of 61
Å with a

of 0.18 (Cr thickness was 50.02 Å and Si thickness was 10.98 Å). The

total surface roughness of this multilayer was measured to be 7.0 Å , but potentially
still viable for compensation without a large impact on the depth-graded multilayer
performance. However, it should be noted that the thickness of the silicon layer in
XRO 171 is about half that of XRO 146, due to the wear of the silicon target from
other coatings deposited between the two samples compared here. It is therefore
important that the compensating multilayer be characterized and deposited (with
the multilayer to be compensated) in successive coating runs.
Two depth-graded W/Si multilayers of the same NuSTAR FR 10 recipe as
XRO 169 were deposited on top of two di↵erent types of stress compensation coatings.
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For XRO 170, a mono-layer of Cr having an approximate thickness of 523 Å was
deposited such that the curvature of the substrate due to the stress in the NuSTAR
FR 10 coating would be reduced to nearly zero. This thickness was calculated by
taking the curvature of the substrate due to XRO 169 (71.5µm 1 ) and dividing it by
the curvature of XRO 141 (34µm 1 ) and multiplying by the thickness of XRO 141
(249 Å). The resulting stress of the compensated XRO 170 coating was found to be
-14.322 MPa with a curvature of -4.0µm 1 . For XRO 172, a Cr/Si multilayer, of same
design as XRO 171 but with N = 17 bilayers, was deposited under the NuSTAR FR
10 design. 17 bilayers were deposited instead of 11 (as in XRO 171), because the
curvature of XRO 171 was found to be 45.7µm 1 , not enough to compensate for the
71.5µm

1

curvature produced by the NuSTAR FR 10 design. Therefore, the ratio

of these two curvatures was multiplied by the number of bilayers in XRO 171 and
found to be approximately 17. The resulting stress of the compensated XRO 172
coating was found to be 34.67 MPa with a curvature of 8.5µm 1 . The experimental
reflectivity curves as a function of graze angle and energy of XRO 170 and XRO 172
are compared (in Figure 5.19 and Figure 5.20 respectively) to the uncompensated
XRO 169 to show how the underlying coatings a↵ect the performance of the depthgraded W/Si multilayer coating. The coating roughness, , the normalized Rint (E),
and the % change in Rint (E) for XRO 169, XRO 170 and XRO 172 are shown in
Table 5.11.
The solid Cr mono-layer used for stress compensation in XRO 170 resulted in
a decrease in the curvature of the substrate by 67.5µm

1

with a net stress of -14.344

MPa compressive. The Cr/Si multilayer used for compensation in XRO 172 resulted
133

Table 5.11: Reflectivity curve and coating parameters of XRO 169, XRO 170 and
XRO 172.
Sample ID

Normalized Rint (E)
(Å)

XRO 169
XRO 170
XRO 172

5.05
6.02
5.62

% Change Rint (E)
(%)

Curvature
(µm 1 )

Stress
(MPa)

-17.55
-9.98

-72
-4
9

-282
-14
35

1.000
0.839
0.905

in a decrease in the curvature of the substrate by 80µm

1

with a net stress of 34.67

MPa tensile. Neither compensation layers resulted in a perfect net zero stress depthgraded multilayer coating, however, the resulting stresses are relatively low. For net
zero stress to be achieved, the Cr monolayer would need to increase in thickness to
about 554 Å, and the number of bilayers in the Cr/Si multilayer would need to be
decreased by one to N = 16. Although the net stress values of XRO 170 and XRO 172
show promise for both the mono-layer and multilayer compensation techniques, the
performance of the multilayer (i.e. total integrated reflectance) was a↵ected in both
cases. Based on the analysis of the integrated reflectance as a function of energy, a Cr
compensating layer of approximately 523 Å reduces the reflectance by 17.55% while
the Cr/Si compensation multilayer of N = 17 and d = 61 Å reduces the reflectance
by 9.98%. This behavior is expected as the roughness of a Cr mono-layer of d = 249
Å (XRO 141) is approximately 10 Å, slightly higher than that of the Cr/Si multilayer (XRO 171) with a roughness of 7.0 Å. The roughness of these two underlying
coatings propagates through the depth-graded multilayer coating layers, ultimately
reducing the overall performance of the broadband multilayer coating. In fact, if total
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reflectivity of a given telescope system were to be reduced in total by either of the
percentages found for XRO 170 and XRO 172, then the e↵ective area, Åef f , would
decrease by about 32% and 20% respectively, beyond the acceptable limit. However,
using Cr in a multilayer system of the design described above rather than as a stand
alone monolayer to compensate for moderate compressive stress reduced the drop in
reflectivity by about 10%, demonstrating promise for the multilayer compensation
technique for broadband multilayer coatings.
As has been documented in this work, there are many parameters associated
with this technique that will require further study and optimization, including relative
thicknesses of the chromium and silicon as well as testing other possible reflector layers
such as W [44], to explore all the uses of these stress compensation techniques. Initial
results show that the Cr/Si compensating multilayer has promise for future, low-stress
broadband depth-graded multilayer coatings.
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(a) Diagram of stress compensation Cr monolayer to counteract deflection due
to compressively stressed broadband W/Si multilayer.

(b) Diagram of stress compensation Cr/Si multilayer to counteract deflection
due to compressively stressed broadband W/Si multilayer.

Figure 5.18: Diagram of the two stress compensation + W/Si depth-graded multilayer structures.
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Figure 5.19: Comparison of experimental 8.048 keV reflectivity curves of XRO 169,
XRO 170 and XRO 172.
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Figure 5.20: Comparison of theoretical reflectivity curves as a function of energy of
XRO 169, XRO 170 and XRO 172

138

CHAPTER 6

CONCLUSIONS AND FUTURE RESEARCH

The initial development and deposition of low-stress broadband X-ray optic
multilayer coatings with a new multilayer coating chamber at MSFC has been described. The design of the multilayer coating chamber including the use of small
diameter cathodes has proven to be a successful alternative to traditionally larger
cathode designs for the purpose of depositing multilayer coatings. An overall coating
uniformity of ±1.3% over a 4 inch diameter sample highlights the capabilities of this
new chamber design while the ability to achieve desired depth-graded coating designs
further proves the system’s functionality. The chamber’s systematic error with respect
to the deposition rate drift over time has been characterized and overcome through
the use of an experimental data fitting algorithm and custom control software. Other
sources of error associated with the use of the chamber have been identified, namely
small, random variation due to imprecise grounding techniques. An improved substrate grounding system has been developed and proven to minimize these errors.
The deposition system was validated during a series of repeatability studies
that included both periodic and depth-graded W/Si multilayer coatings. An unsuccessful initial attempt to deposit the NuSTAR FR 10 depth-graded multilayer coating
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led to the discovery of another source of error, namely a small deposition rate drift in
both cathodes over time. This drift only become a pronounced e↵ect during back-toback depth-graded coating runs that each lasted on average 7.5 hrs. As each target
eroded, the deposition rate was found to decrease by a very small amount after each
run. This rate drift was observed and quantified as a linear decrease over time and was
successfully compensated for in subsequent depth-graded multilayer coatings. Several
of these coatings included the NuSTAR FR 10 recipe, which was successfully achieved
within the capabilities of the deposition system and XRR system.
Additionally, stress reduction techniques for broadband multilayer coatings
have been explored through two specific avenues: low-temperature annealing and
compensation layers. Both techniques have, to first order, proven promising. Lowtemperature annealing has been shown to produce near-zero net stress with the lowest reduction in reflectivity being 0.67% (XRO 113). Further optimization of the low
temperature annealing process through the use of even shorter annealing times (less
than 20 min) will be conducted. The multilayer compensation technique using Cr/Si
as the compensation coating for broadband W/Si multilayers shows the promise for
possible use on future broadband X-ray missions such as HEX-P, through further
optimization is required. The reduction in reflectivity due to the compensation multilayer described in this work was found to be 9.98% when compared to the optimized
design. An upper limit for reflectivity reduction is around 3% as this translates to
an overall reduction of a given X-ray telescope system’s e↵ective area of around 6%.
This could be achieved by minimizing the roughness associated with the underlying
compensation multilayer and will be pursued in future studies.
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The chamber itself has proven its versatility and will continue to do so in future work both with the development of hard X-ray broadband multilayer coatings
as well as low-stress X-ray optic coatings. Further development of novel broadband
multilayer coatings will become the focus of future studies along with the development of stress compensation multilayers. In particular, characterization of Ni-based
broadband multilayers will be pursued as this material is being considered for future
broadband, hard X-ray telescope such as HEX-P [12]. These two systems, the new
multilayer coating chamber and XRR, in conjunction have created an invaluable experimental laboratory for the development and characterization of multilayer coatings
for X-ray optics.
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